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Abstract 
Surface topography is known to be important in biomedical applications such as 
scaffolds for tissue regeneration and has been shown to affect wettability and cell 
behaviour. Traditionally, topographical effects such as surface texturing have been 
generated using methods such as photolithography, soft lithography, thermal 
embossing, and laser/electron beam techniques. This thesis introduces a relatively new 
technique known as photoembossing to create surface texturing for biomedical 
applications. Photoembossing is used to produce surface texturing on polymer surfaces 
by patterned ultraviolet (UV) exposure of a photopolymer blend without an etching step 
or an expensive mould. After a short general introduction and a literature review, the 
first experimental chapters describe surface patterning of poly(methyl methacrylate) 
(PMMA) photopolymer substrates by photoembossing.  PMMA is blended with an 
acrylate monomer and photoinitiator by dissolution in a volatile solvent and processed 
into films by wire bar coating, and fibres are produced by electrospinning. Surface 
texture is achieved on both films and fibres by photoembossing. Endothelial cell culture 
shows that the substrates are biocompatible and cells readily adhere to the surface.  
 
In tissue regeneration applications, scaffold degradation is often important to allow 
tissue in-growth. Thus, in subsequent studies polylactide-co-glycolide (PLGA) is used as 
a polymer binder. PLGA blended with a triacrylate monomer showed partial degradation 
after 10 weeks, with a cross-linked acrylate network remaining. Endothelial cell 
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adhesion was even better on the PLGA photopolymer substrates compared to PMMA. 
Furthermore, surface texture improved cell adhesion and proliferation on the PLGA 
photopolymer. To obtain completely degradable substrates, thiol monomer was used in 
addition to the acrylate to produce ester bonds after the thiol-ene reaction, which is 
cleavable by hydrolysis. Accelerated degradation in sodium hydroxide (NaOH) showed 
complete degradation of this photopolymer system. The degradation rate of the 
photopolymer could be tuned by the molecular weight of the acrylate monomer, with 
low molecular weight monomers degrading more slowly than high molecular weight 
species. Furthermore, the height of the surface relief structures could be enhanced by 
using low-molecular-weight acrylate monomers. Endothelial cell culture revealed 
biocompatibility of the blend and cells were able to adhere after 24 hours of seeding.  
This thesis demonstrates that photoembossing is a viable technique in producing surface 
texture for tissue engineering applications. This surface texture can be achieved on both 
biocompatible and biodegradable photopolymer films and fibres.   
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Chapter 1 
Introduction 
1.1 Motivation 
Surface topography has been studied widely for biomedical applications and has been 
shown to affect wettability and cell behaviour. The term “topography” includes both 
roughness and texture [1]. The influence of the surface topography on the behaviour of 
the cells was discovered by Harrison during the first part of the twentieth century when 
he observed that the directional movement of cells was influenced by linear spider web 
threads. Later on in the 1970’s, Rovensky et al. [2] and Maroudas [3] confirmed the 
effect of topography on cell behaviour. Since then, the hypothesis that microstructures 
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on the surfaces of implants can improve the response of cells on these surfaces has been 
widely accepted. 
Early methods of creating microtextured surfaces include photolithography, soft 
lithography, thermal embossing, and laser/electron beam techniques. In 
photolithography, a photoresist is placed on the substrate and exposed to UV light via a 
contact mask grating. This is followed by an etching step to create the desired textures. 
The etching process consists of using polymer and resist solvent, or the use reactive ions 
directed by an electrical field onto the substrate. A further stage is needed to remove 
the resist using a strong solvent. Hot embossing and casting uses a pre-fabricated mould 
to create surface grooves. In hot embossing, the polymeric material is pressed into a hot 
mould, whereas in casting, a solution of polymer and solvent is dried on the mould. 
Lasers can also be used to remove material from a polymer surface to create textured 
topography. However, this method is relatively slow and it is therefore not used very 
often.  
A recent technique known as photoembossing has also been used to create surface 
texturing for optical diffraction gratings. Photoembossing is a simple technique to create 
relief structures in photopolymers using a patterned contact mask exposure and a 
thermal development step. Typically, a photopolymer consists of a polymeric binder 
such as poly(benzyl methacrylate) (PBMA), a multifunctional monomer in a 50/50 
weight ratio, and a photoinitiator.  
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1.2 Aim 
Photoembossing has been studied for application in optical diffracting grating. This 
thesis evaluates the feasibility of employing the photoembossing technique in the 
biomedical field of cell and tissue culture. For this, biocompatible photopolymer blends 
are needed to promote cell adhesion and proliferation. Endothelial cells were used for 
most studies (excepting Chapter 5), as complete endothelial cell coverage on substrates 
is very important to vascular regeneration to prevent thrombosis. Therefore, if 
endothelial cells were able to adhere on these substrates, these materials could be 
deemed biocompatible. Also, in tissue engineering, scaffold degradation could be 
required to promote full regeneration of tissue. Therefore, another aim was to produce 
photoembossed scaffolds that were textured and biodegradable, using commercially 
available materials to make them more accessible to researchers and industry.  
 
1.3 Thesis outline 
Chapter 2: Literature review  
The literature review focuses on cell adhesion on surfaces and their response to 
topography. We also review the different techniques commonly used in producing 
surface texture on polymer substrates. Scaffold fabrication of polymers is also discussed 
here, with more emphasis on electrospinning, which has become more prominent in the 
past decade in the field of tissue engineering. The final section of this chapter details the 
photoembossing technique and the effect of processing and compositional parameters 
on texture morphology. 
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Chapter 3: Surface texturing of PMMA photopolymers 
PMMA polymer has been used in bone implants as cements to bind the implant to 
surrounding tissues, with cell adhesion on PMMA being crucial to the success of the 
implant. This chapter discusses mainly the surface patterning of PMMA photopolymer 
surfaces by photoembossing.  
Chapter 4: Biocompatibility of cells on PMMA photopolymers  
Photoembossing of PMMA photopolymer binders with different monomers is evaluated 
on films. The effect of monomer type on surface relief height and morphology is 
evaluated. Endothelial cell adhesion and proliferation is also studied here on the 
different acrylate monomers, and the effect of acrylate conversion after UV curing on 
biocompatibility is discussed. 
Chapter 5: Surface texturing of electrospun PMMA-triacrylate fibres 
Biocompatibility tests in Chapter 4 show that PMMA-triacrylate fibres had superior cell 
compatibility. Electrospinning of the photopolymer blend resulted in homogenous fibres 
that are photoembossed using a patterned holographic exposure by interference of two 
coherent beams. Keratinocyte cell adhesion is evaluated here. The change in cell type 
here is due to the unavailability of kertatinocytes. Nevertheless, the objective of cell 
compatibility on the surface of the fibres is evaluated.  
 
Chapter 6: Biocompatibility and degradation of PLGA-triacrylate photopolymer 
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Photoembossing parameters are optimised here for this blend. Endothelial cell adhesion 
and proliferation is also studied on smooth and textured PLGA photopolymer films. Pure 
PLGA is used as a positive control.  Degradation of the photopolymer is also evaluated, 
and the effect of surface texture on degradation is discussed.  
Chapter 7: Photoembossed degradable PLGA-acrylate-thiol blend: 
In Chapter 6, the PLGA blends are only partially degradable, i.e. only the PLGA binder 
degrades, leaving behind the acrylate network. Here, thiol monomer is added to the 
photopolymer containing PLGA and PEG-diacrylate, creating hydrolysable ester bonds 
formed from the thiol-ene reaction between the acrylate and thiol.  Photoembossing is 
optimised on these substrates, and degradation and cell adhesion is also studied.  
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Chapter 2 
Literature review 
Biocompatible materials are used in biomedical applications for medical devices, drug 
delivery carriers, and tissue engineering (TE) scaffolds. Whereas medical implant devices 
do not need to be degradable in vivo, the latter two applications may require 
biomaterials that are degradable over time. The scaffold, by definition, is a temporary 
supporting structure for growing cells and tissues. It is also called a synthetic 
extracellular matrix (ECM) and plays a critical role in supporting and inhabiting cells. 
These cells then undergo proliferation, migration, and differentiation in three 
dimensions, which eventually leads to the formation of a speciﬁc tissue with appropriate 
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functions. The structural and behavioural characteristics of the tissue scaffold are critical 
to ensure normal cellular activities and functional engineered tissues. An ideal scaffold 
for tissue engineering should possess all of the qualities of native ECM and should 
function in the same way as that of ECM under physiological conditions. However, there 
is no clear guidance regarding which characteristic deﬁnes the so-called ideal scaffold. 
The native ECM in the body is a complex and dynamic environment ﬁlled with features 
on the nanoscale, including pores, molecules and ﬁbres that exhibit tissue-speciﬁc 
structure and properties. These structures and architecture vary from tissue to tissue 
and therefore the characteristics of a scaffold vary according to the tissue types where 
the scaffold is to be applied. For example, a scaffold for engineering bone tissues 
requires osteoconductive features, but this is not required for engineering nerve tissues. 
Although mimicking the complexity of the native ECM is challenging, recent 
investigations suggest that a scaffold for tissue engineering should have some of the 
basic characteristics essential for tissue development [1-4]. Generally, the ECM consists 
of gycosaminoglycans (GAGs) and fibrous p. The fibrous proteins. The fibrous proteins 
are collagen, laminin and elastin. 
 Any scaffold, irrespective of application, should be biocompatible; that is, it should not 
provoke any rejection, inﬂammation, and immune responses. It should provide a 
template for the cells to attach and to guide their growth. It should have a porous 
architecture for the maximum loading of cells, cell-surface (scaffold) interaction, tissue 
in growth, and transportation of nutrients and oxygen. It is worth pointing out that most 
tissue engineering applications require scaffolds that are biodegradable. It is desirable 
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that the degradation rate of the scaffolds matches the rate of tissue regeneration but, 
in general, it should not be faster, because that faster rate may lead to a decrease in 
tissue functionality. It should also be mechanically strong enough to withstand in vivo 
biological forces, and it should support the cells to synthesize speciﬁc proteins and other 
biochemical and biological processes required for healthy tissue growth. Furthermore, 
the scaffold should be able to withstand sterilisation procedures to avoid toxic 
contaminations without compromising any structural and other related properties. 
Finally, the production process of scaffolds with all of the above unique characteristics 
must be accomplished in a reproducible, economical, and scalable manner. The realistic 
success of the tissue scaffold is not only dependent on the above measures, but is also 
dependent on the identity of various types of scaffolding material systems with which 
the host cells/tissues interact physiologically.  
The five main types of blood vessels are arteries, arterioles, capillaries, venules and 
veins. Angiogenesis, which is the growth of new blood vessels, is an important process 
in embryonic and foetal development, development of new lining after menstruation, 
wound healing, and development of blood vessels around obstructed arteries in the 
coronary circulation.  
Arteries carry blood away from the heart to other organs of the body. The wall of the 
arteries has three tunics (layers): tunica interna, tunica media and tunica externa. The 
tunica interna is the innermost layer and is made of an endothelium, a basement 
membrane, and a layer of elastic tissue called the internal elastic lamina. The 
endothelium is made up of a continuous layer of endothelial cells and is the only surface 
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that comes into contact with blood in a normally functioning tissue. The tunica media, 
usually the thickest layer, consists of elastin fibres and smooth muscle fibres that are 
arranged concentrically around the lumen. The tunica media also has elastic lamina 
(external). This part of the vascular wall is very compliant due to the high amount of 
elastin fibres, and it can stretch or expand without tearing in response to small increases 
in pressure. The outer layer, tunic externa, is composed of elastin and collagen fibres. 
An arteriole is a small artery with diameters ranging from 10-100 µm and processes 
three tunics. However, the regions very close to the capillaries consist of almost nothing 
more than a layer of endothelium surrounded by a few scattered smooth muscle fibres. 
Capillaries are microscopic vessels that connect the arterioles to the venules. They are 
about 4-10 µm in diameter and only have a single layer of endothelial cells and a 
basement membrane. The venules connect the capillaries to the veins and are about 10-
100 µm thick. The venules closer to the capillaries only have tunica interna and media, 
while the ones near the veins contain all three tunics. The tunics in the veins are 
essentially the same three coats, but the relative thicknesses are different. The tunica 
externa is the thickest layer and consists of collagen and elastin fibres. Veins lack internal 
and external laminae found in arteries. However, they are distensible enough to 
accommodate variations in volume and pressure. The lumen of the vein is bigger than 
that of the artery. Vein diameters range from 0.1 mm to dimensions greater than 1 mm. 
Cardiovascular disease is the leading cause of death in the United States, and each year 
over 570,000 coronary artery bypass graft procedures are performed. Typically, 
autologous saphenous veins and internal mammary arteries are grafted to bypass 
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occluded arteries [5, 6]. Peripheral vascular defects are also a large market, in which 
autogenous saphenous veins, acellular human umbilical veins, and synthetic grafts are 
used. Tissue engineered vascular implants are an alternative source for vascular grafts, 
particularly for patients who lack sufficient conduit. Atherosclerosis is the major disease 
of blood vessels, and affects the larger and medium sized arteries that contain an intima 
[7]. The atherosclerotic lesion consists of a raised focal plaque within the intima, 
consisting of a lipid core, surrounded by extracellular matrix and smooth muscle cells 
and covered by a ﬁbrous cap. As it increases in size through intimal hyperplasia, it 
restricts blood ﬂow and eventually blocks vessels. In cardiac and peripheral bypass 
surgery, these are usually replaced by autologous veins, or sometimes with autologous 
arteries. However, many patients do not have appropriate blood vessels for use as 
replacements, either due to diseased blood vessels or because the blood vessels were 
used in a previous surgery. In these cases, the patients are restricted to modest 
treatment modalities, with the results often leading to myocardial infarction or limb 
amputation. Unfortunately, although synthetic vascular grafts such as expanded 
polytetrafluroethylene (ePTFE) or Dacron have been used successfully in treating the 
pathology of large arteries  > 6 mm internal diameter, these have generally not proven 
successful in replacing the smaller-diameter  (< 6 mm internal diameter) vessels. There 
is, therefore, a massive clinical need for an alternative supply of vessels to replace 
diseased arteries. Tissue engineering offers the potential of providing vessels that can 
be used to replace diseased and damaged native blood vessels. Tissue engineering has 
already had success in generating materials for repair of chronic wounds and burns. The 
challenges faced by the approach of tissue engineering for replacing blood vessels are 
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substantial. They include providing a conduit that will have sufficient strength not to 
burst with changes in blood pressure, a vessel wall that is elastic and can withstand cyclic 
loading, matching compliance of the graft with the adjacent host vessel, and a lining of 
the lumen that is antithrombotic. Many tissue engineering approaches can rely on 
remodelling of the tissue in vivo to approach functionality with time; however, the 
tissue-engineered vascular graft must function immediately on implantation. It is 
predicted that tissue engineering offers the opportunity to use cell and tissue growth, 
biomaterial selection and scaffold fabrication, and cell type and phenotypic regulation, 
to manufacture blood vessels that can function long term in vivo [8]. 
Thrombosis occurs when blood comes into contact with surfaces without an endothelial 
layer, resulting in clotting of the blood in the vessels. One way of  preventing thrombosis 
is to  have a confluent adherent endothelial layer prior to implantation [9].  Deutch et 
al. showed a 68% patency in a 9-year clinical study using endothelialised 6 mm PTFE graft 
coated with fibrin [10]. In this method, the cell source and surface adhesion of cells is 
very important. Cell sources used for endothelialisation include fatty tissue (from 
liposuction), umbilical cord blood, and blood vessels themselves [8]. Cells that can 
activate protein C, express heparin sulphate proteoglycans, and produce nitric oxide, 
prostacyclin and tissue plasminogen activator could greatly reduce graft thrombosis [5]. 
Tissue-engineered (TE) vascular grafts are divided into three types: cell only, accellular 
matrix and cells with biocompatible scaffolds. L’Heureux et al. developed a vascular graft 
with scaffolds. They cultured smooth muscle cells and fibroblasts to form sheets of 
tissues that were rolled around a mandrel to form a tubular conduit, which was then 
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seeded with endothelial cells to form a 3-layer vascular graft. 50% patency was achieved 
1 week after implantation in a canine model. Decellularisation of allogenic or xenogenic 
ECM has also been studied for TE vascular graft. The cells and all proteins are removed 
from the ECM, leaving behind a fibrous collagen and elastin structure that is placed 
directly into the defective area. Cells from the neighbouring healthy tissues are expected 
to invade this scaffold and produce new tissue [11]. Biocompatible scaffolds (degradable 
or non-degradable) should serve as a structural framework and promote cellular growth 
and matrix synthesis. The use of these scaffolds has been studied widely due to their 
ability to form tissue in vitro relatively rapidly, with the appropriate shape and 
dimensions [8]. Fibrous and porous biomaterials have been used for TE vascular 
implants. Nicklason et al. [12]  seeded poly(glycolic acid) scaffolds with smooth muscle 
cells (SMC) in a pulsating bioreactor (to mimic a biological environment). After 8 weeks 
of implantation, the synthetic scaffold was completely replaced with a smooth muscle 
layer. This was then seeded with endothelial cells to form two tunics of the blood vessel. 
The cultured tissue was implanted in pigs and seemed to be patent after 4 weeks [12].  
Improvements in the restenosis rate notwithstanding, metal stents have other 
important limitations, including thrombogenicity, permanence (sliding), and limited 
potential for local drug delivery. Metal stent surfaces are moderately thrombogenic and 
therefore require antiplatelet or anticoagulant therapy. Surgical revision of a stented 
vessel is also a practical impossibility, due to the difficulty of freeing the metal in the 
neointima. Coated metal stents have been introduced recently to provide controlled 
drug release, with very good short-term results [13-16]. Current practice is to use a 
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bioresorbable phosphoryl choline polymer, or other polymer coating [17, 18]. However, 
due to the thinness of the polymer layer, only a small amount of drugs can be loaded 
and eluted [19]. Several reports of resorbable and non-resorbable polymeric stents have 
been investigated [20-22] [23]. The rationale for the non-degradable stent is improved 
biocompatibility over the metal stent and convenient drug loading. Bioresorbable stents 
are being investigated to support the arterial wall only during vessel healing, with 
gradual transfer of the mechanical load to the tissue as the stent mass and strength 
decreases over time. In the longer-term, delivery of drug and/or gene therapy to the 
vessel is planned, with no need for a second surgery to remove the device [23, 24].  
 
2.1. Cell culture on biomaterials 
Scaffold materials can be of synthetic or natural (biological) origin. Currently, a variety 
of materials is available for manufacturing tissue scaffolds; options include polymers, 
ceramics, and their composites. The choice of materials depends on the type of tissue 
to be reconstructed. For example, ceramics and polymer-ceramic composites are widely 
used for manufacturing scaffolds for hard tissue reconstructions, whilst polymers are 
used for soft tissue reconstructions due to their mechanical properties. Owing to their 
functional properties and design ﬂexibility, polymers are considered to be a unique class 
of scaffold material and are in demand for a variety of tissue engineering applications, 
compared to other types of materials. Polymers used in scaffold engineering can be 
grouped into (i) naturally derived and (ii) synthetic polymers. Examples of naturally 
derived polymers are biodegradables such as collagen, gelatin and elastin. The synthetic 
Literature review 
 
 
33 
 
polymers can be either biodegradable or non-biodegradable. Poly(lactic acid) (PLA), 
poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid) (PLGA) are examples of 
biodegradable polymers; poly(ethylene) (PE), poly(ethylene terephthalate) (PET), and 
poly(tetraﬂuoro ethylene) (PTFE) are some examples of non-biodegradable polymers 
[25]. In most circumstances, biodegradable polymers, either from natural or from 
synthetic origin, are considered as a good choice for scaffold engineering rather than 
non-biodegradable polymers. However, degraded products from the biodegradable 
polymers must be nontoxic and should not elicit any foreign-body reaction, because 
they hinder the process of tissue growth. In this part of the review, biodegradable 
collagen and aliphatic polyesters will be the main focus. Collagen is the most abundant 
natural polymer found in tissues, and thus the review of its structure and functions will 
be appropriate for this section. Synthetic aliphatic polyesters including poly(lactic acid), 
poly(glycolic acid), and their copolymers have been studied widely for TE applications 
due to their biocompatibility and have been approved by most standardization boards.   
 
Natural biomaterials  
Collagen is one of the most widely used naturally derived polymers for manufacturing 
tissue scaffolds. It is a primary structural protein of the native ECM. Although many types 
of collagen exist in a living organism, the most abundant forms of collagen in the native 
tissue are types I and III. Type I collagen has a ﬁbril diameter of about 50 nm and it is the 
most abundant in skin. The collagen structure is composed of three polypeptides (α-
chains) that are each coiled into a left-handed helical pattern, and these three chains 
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are then wrapped around each other into a right-handed helical pattern that is well-
organized (quarter stagger) into insoluble ﬁbrils of great structural strength [26]. The 
quarter stagger arrangement gives the collagen fibrils a textured appearance. The fibrils 
form bundles of collagen fibres with diameters up to 10 µm [27].  
   
 
 
 
 
Figure 2.1: Atomic force microscopy (a) and transmission electron microscopy (b) of a 
natural collagen fibril (c) shows the height of the textured collagen surface measured by 
AFM [28]. 
 
Chemical and physical cues on these fibres provide binding sites for cellular receptors, 
which in turn send signals to cell interiors that regulate different cell behaviours, 
including differentiation and apoptosis. An important interaction site between a cell and 
a b 
c 
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its matrix is known as a focal adhesion, mediated by a family of transmembrane proteins 
called integrins. Integrin α2 β1 has been studied as the main receptor for collagen type I 
[29]. These collagen surfaces contain RGD motifs, which are recognised by integrins on 
the cells.   
 
Figure 2.2: Cell adhesion to a substrate showing different membrane protein [30]. 
 
Furthermore, the effect of the D-banding on collagen fibres has been studied [31]. 
Friedrichs et al. [31] showed that cells aligned along the fibre axis on the nanopatterned 
collagen did not show any alignment on smooth surfaces [31]. This phenomenon was 
attributed to the superior strength of the d-banded collagen fibrils shown in Fig. 2.1 and 
Fig. 2.3. Deformation of fibres occurs perpendicular to the fibre axis, and thus cells align 
and move along the direction of the collagen fibres.  
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Figure 2.3: Matrix rigidity anisotropy is required for cell polarization. SAOS-A2 cells were 
seeded on (a) D-periodic, (b) non-periodic or (c) (d) model illustrating how differences in 
matrix rigidity between D-periodic and non-periodic collagen matrices affect cell 
polarization [31]. 
 
They also observed that cells without α2 β1 adhered on D-banded fibrils but did not align; 
thus, they suggested that the integrin α2 β1 is required for cell alignment but not 
necessarily adhesion for d-periodic collagen [31]. Tasi et al. [32] studies the influence of 
topography of nanofibrils of three-dimensional collagen gel beads on the phenotype, 
proliferation, and maturation of osteoblasts. In this study, alkaline phosphatase activity 
on the D-band periodicity collagen increased when compared to the non-D-band 
periodicity collagen on day 7. Moreover, type I collagen is expressed in the early stages 
of differentiation for bone formation and matrix production [32]. They also found that 
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the D-pattern of collagen did not only enhance the mineralization process of 
osteoblasts, but also induced the cells to display their normal phenotype [33]. 
Collagen as a scaffold material has a variety of functional properties favourable for 
cellular growth. It is a biocompatible, biodegradable, and nontoxic polymer. However, 
collagen extracted from the natural tissues is capable of eliciting certain immunogenic 
response upon implantation; therefore, direct use of this type of collagen is limited. 
Currently, a puriﬁed form of collagen, known as reconstituted collagen, is produced by 
biochemical processing, which has a lesser immunogenic response that could be used 
for tissue engineering applications. Collagen implants degrade through cascade of 
attacks by lysosomal enzymes. The in vivo resorption rate can be regulated by control of 
the density of the implant and the extent of inter-molecular cross-linking. Collagen with 
low density possesses higher interstitial space and, generally, larger pores for cell 
infiltration, leading to a higher rate of implant degradation [25]. Intermolecular cross-
linking reduces the degradation rate by making the collagen molecules less susceptible 
to enzymatic attack. Cross-linking can be accomplished by various physical (e.g., UV 
radiation and dehydrothermal treatment) or chemical (e.g., glutaraldehyde, 
formaldehyde, and carbodiimides) treatments [34]. Although naturally derived 
materials have the potential advantage of biological recognition, they cannot be 
manufactured on a large scale because they are obtained from animals or human. 
Properties may differ from batch to batch, and obtaining large quantities is often limited 
due to regulation on animal rights and protection. Furthermore, collagen produced by 
algae is expensive and time-consuming to produce. Thus, synthetic biomaterials have 
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been studied widely for large-scale production with control over mechanical properties, 
degradation rate and microstructures [35]. 
                                                                                                                                                                
Synthetic biodegradable materials 
Aliphatic polyesters of naturally occurring α-hydroxy acids, including PGA, PLA, and 
PLGA, are widely used in tissue engineering. These polymers have gained FDA approval 
for human use in a variety of applications, including sutures [35-37]. The ester bonds in 
these polymers are hydrolytically susceptible, and can degrade by non-enzymatic 
hydrolysis. The degradation products of PGA, PLA, and PLGA are nontoxic, natural 
metabolites and are eventually eliminated from the body in the form of carbon dioxide 
and water [1].  
 
 
Figure 2.4:  Schematic hydrolysis of an ester group. 
 
The chemical structures of PLA and PGA are similar, except that the PLA has a methyl 
pendant group, and this fact contributes to differences in their degradation kinetics. As 
a result, the degradation rate of their copolymer PLGA depends on the exact ratio of PLA 
and PGA present in the polymer [38]. PGA is the simplest linear aliphatic polyester and 
was used to develop the first totally synthetic absorbable suture that has been marketed 
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as DEXON® since the 1960s by Davis and Geck [5, 6]. PGA is highly crystalline (45-55%) 
with a high melting point (220-225 oC) and a glass transition temperature of 35-40 oC 
[39]. Because of its high degree of crystallization, it is not soluble in most organic 
solvents; the exceptions are highly-fluorinated organic solvents such as 
hexafluoroisopropanol [36]. PGA can be broken down in two ways: by hydrolysis and by 
nonspecific esterases and carboxypeptidases [40]. The glycolic acid monomer is either 
excreted in the urine or enters the tricarboxylic acid cycle. 
PLA has two enantiomeric forms: (i) the left handed (L-lactide) and (ii) the right-handed 
(D, L-lactide). These two enantiomers have different degradation rates. The L-lactide is 
widely used for tissue engineering applications, owing to its superior biocompatibility 
and prolonged biodegradation compared with D, L-lactide. It is a semi-crystalline 
polymer with a crystallinity of around 37%. The melting temperature is between 173-
178 oC, the glass transition between 60-65 oC, and it possesses good strength and 
modulus. The D, L-lactide, in contrast, has a low strength and modulus, and undergoes 
rapid biodegradation in physiological environments [25]. The degradation rate of these 
polymers can be tailored from several weeks to several years by alteration of their 
crystallinity, initial molecular weight, ratio of enantiomeric forms (PLA), and the 
copolymer ratio of lactic to glycolic acid [36, 37]. PLA undergoes hydrolytic scission to its 
monomeric form, lactic acid, which is eliminated from the body by incorporation into 
the tricarboxylic acid cycle. The principal elimination path for lactic acid is respiration, 
and it is primarily excreted by the lungs as CO2 [41]. 
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Since these polymers are thermoplastics, they can easily be formed into a three-
dimensional scaffold with a desired microstructure, shape architecture, and dimension 
by various techniques including spinning [25], moulding, extrusion [1], solvent casting 
[42], phase-separation techniques [43], and gas-foaming techniques [44]. 
Other biodegradable synthetic polymers that have been utilised as biomaterials include  
poly(anhydrides) and poly(ortho-esters) [45]. 
 
2.2. Fabrication of polymers for biomedical applications 
Polymers are generally fabricated into 2D or 3D architecture by solution or melt 
processing.  In solution processing, polymers are dissolved or dispersed in appropriate 
solvents. The solvent is then evaporated to obtain the final product. In melt processing, 
the polymer is heated above its glass transition or melting temperatures and pushed 
through a die or into a mould to form the device.  Solution fabrication for film is usually 
done by coating, using wire-bar or doctor-blade coating, spin coating or dip coating.  
 
 Figure 2.5: Simple techniques of solution fabrication of thin films showing doctor blade, 
wire-bar, spin and dip coating [46]. 
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Spin-coating is widely used for smaller, laboratory-scale research due to its simplicity 
and high reproducibility. During this process, the substrate is secured to the spin-coater 
by vacuum, and the solution is applied to the surface. The substrate is rapidly 
accelerated, which drives solution flow radially outward. A uniform, thin film is left after 
spinning and solvent evaporation. Dip-coating results in coverage on both sides of the 
substrate. The substrate is immersed in a solution bath and withdrawn in a controlled 
manner to coat both sides of the substrate. Other scalable methods for coating a single 
side include doctor blade coating and wire bar coating, in which a solution is distributed, 
smoothed, and thinned across the surface of the substrate with a blade or rod, 
respectively. During doctor blading (knife-over-roll coating), the film thickness is 
controlled by a gap between the blade and the substrate. Instead of a blade, a wire-
wound metering rod can also be used. The thickness here is determined by the diameter 
and thickness of the wire [46].  
3D solution processing  
Engineering 3D polymers with morphologies similar to tissue ECM is a challenging 
process and is essential for the success of regenerative medicine and medical implants. 
The ECM is defined as the non-cellular part of the tissue. The main components of the 
ECM include glycoproteins (collagen), proteoglycans and hyaluronic acid. However, 
other molecules can be present, depending on the tissue type; these molecules include 
hydroxyapatite, fibrin, fibronectin, laminins and serums [47]. Collagen in the ECM is 
generally fibrous, with a fibre diameter between 50 nm and several microns. The 
arrangement and orientation of these fibres are tissue-specific, and together with other 
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matrix components, these properties influence cell behaviour [25].  The use of man-
made fibrous scaffolds has been used to mimic the ECM, as it serves as a synthetic ECM 
and thus should support the cells they accommodate. Cells on these scaffolds should 
proliferate, migrate and differentiate in this 3D structure, leading to the formation of 
functional tissues.  Fibrous scaffolds can be made of natural polymers or synthetic 
materials. These have to be biocompatible; that is, they should not invoke or cascade 
infections, rejection, inflammation and/or immune responses. The scaffold should be 
porous enough to promote cell seeding, nutrient and oxygen transport, cell-cell 
interaction, and tissue ingrowth. Sometimes it is also necessary for these materials to 
be biodegradable to allow full tissue regeneration. The rate of degradation should be 
similar to the rate of tissue regeneration. It is important that the degradation rate is not 
faster than the tissue growth. The implant should be strong enough to support external 
loads and in vivo biological forces. Furthermore, these implants have to withstand 
sterilisation procedures to avoid toxic infections and contaminations. Industrially, these 
scaffolds should be economical, reproducible and scalable. Various methods of 
producing 3D scaffolds with all or some of these properties have been investigated. 
These include solid free forming, phase separation and particulate leaching, and 
electrospinning. In particular, electrospinning has become a more common method for 
fibre formation in tissue engineering due to the good control over alignment, porosity 
and fibre diameter. 
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Solid free forming 
Complex TE scaffolds are generated by depositing materials in a controlled, layer-by-
layer process by using a hierarchical image-based or CAD systems. All solid free forming 
(SFF) systems use a triangular facet, representative of a unit structure, and build a 3D 
structure on a movable platform [48]. Available SFF techniques are classified into three 
major groups. The first group is laser-based machines that photopolymerise monomers 
or sinter powders. The second group involves direct printing of materials; for example, 
printing a chemical binder onto a material powder or directly printing wax. The third 
type is nozzle-based systems in which the material is processed thermally or chemically 
as it passes through the nozzle. Fig. 2.6 shows basic setups for these systems.  
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Figure 2.6: Schematics of SFF systems categorized by processing technique. (a,b) Laser-
based processing systems include the stereolithography system, which 
photopolyermerizes a liquid (a) and the SLS systems, which sinter powdered material (b). 
In each system, material is swept over a build platform that is lowered for each layer. 
(c,d) Printing-based systems, including 3D printing (c) and a wax printing machine (d). 
3DP prints a chemical binder onto a powder bed. The wax-based system prints two types 
of wax material in sequence. (e,f) Nozzle-based systems. The fused deposition modeller 
prints a thin ﬁlament of material that is heated through a nozzle (e). The Bioplotter prints 
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material that is processed either thermally or chemically in a sterile environment (f). The 
Worldwide Guide to Rapid Prototyping (C) Copyright Castle Island Co. All rights reserved. 
 
These methods have been used to produce porous honeycomb and fibrous structures 
for tissue regeneration studies, especially in bone and cartilage. Although complex 
structures can be formed with SFF, this method can be time-consuming [49]. 
Phase separation  
Phase separated scaffolds are produced by 5 main steps: raw material dissolution, 
gelation, solvent extraction, freezing, and drying. The polymer is dissolved in a solvent 
such as molten phenol, naphthalene [50], or dioxane [51] at  a low temperature. Liquid-
liquid or solid-liquid phase separation is induced by lowering the solution temperature. 
Subsequent removal of the solidified solvent-rich phase by sublimation leaves a porous 
polymer scaffold. One prominent advantage of this technique is the ability to 
incorporate bioactive molecules into the matrices without decreasing the activity of the 
molecule due to harsh chemical or thermal environments. A  slight change in the 
parameters, such as types  of  polymer, polymer concentration, solvent/nonsolvent 
ratio, and most importantly, thermal quenching strategies, significantly affects the 
resultant porous scaffold morphology [52]. Chen and Ma produced fibrous PLLA 
scaffolds with good control over porosity, pore-interconnectivity, pore size, interﬁbre 
distance, and fibre diameter. Their aim was to mimic the ﬁbrous architecture of type I 
collagen and to promote cell seeding throughout the interstices of the scaffold [53]. 
Yang et al. evaluated the potential of this type of scaffold as a TE implant for culturing 
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stem cell cells in vitro. The ﬁbre diameters ranged from 50 to 300 nm, controlled by the 
polymer concentration. They observed cell differentiation and neurite growth on these 
scaffolds [54]. Although the porosity and mechanical properties of these scaffolds could 
be tuned, the fibres here cannot be aligned, and the steps used to obtain the fibrous 
structure could be time-consuming. 
Electrospinning  
Electrospinning has been employed for creating nano- and microfibres used for tissue 
regeneration and various biomedical applications. Electrospinning can be described by 
these three stages: 
 Initiation of jet and elongation along a straight path 
 Growth of  bending instabilities and further elongation to allow loops and spiral 
paths 
 Solidification of jets into fibres 
The principle of electrospinning is based on forces acting on a droplet of a solution at 
the tip of a needle. The droplet at the needle tip has a surface tension that causes the 
droplet to be more rounded to minimise surface area. When an electrical voltage is 
applied to the tip of the needle, there is an opposite force that acts on the droplet and 
elongates it. Electrostatic forces are then generated by electrostatic repulsion between 
the surface charges and Coulombic forces exerted by the applied electric field [55]. As 
the electric potential is increased, the tip of the droplet elongates until a hyperbolic cone 
is formed. This cone is known as the Taylor cone (named after the man who initially 
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discovered it). At even higher electric fields, the electrostatic forces overcome the 
surface tension, causing further elongation of the droplet to form a jet.   
After jet elongation, a region of instability occurs, which is caused by radial charge 
repulsion. It was first thought that, in this region, the jet stream divided into smaller jets 
of similar diameter and charge per unit length, known as splaying [56]. However, in 
2004, Li and Xia [55, 57] attributed splaying as a poor resolution of bending and whipping 
fibres. They indicated that under higher magnification and better resolution, the 
‘splaying’ region is actually bent and whipped fibres. The bending and whipping of the 
fibres is caused by the jet trying to reduce its surface area as well as charge repulsion 
between the electric field and the charges on the jet surface. Furthermore, at this stage, 
there is further acceleration and elongation of the fibres, which results in formation of 
finer fibres [55, 57]. 
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(a) 
 
 
 
 
 
(b) 
 
 
 
 
 
 
Figure 2. 7: Schematic of two types of electrospinning setup. (a) represents a simple 
single nozzle set-up and (b) is the Nanospider© technology with multiple Taylor cones 
formed a rotating mandrel in the polymer solution. 
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Ideally, the electrospinning process should produce long fibres with uniform cross-
sectional areas. Beading and wetness of fibres are two main problems associated with 
electrospinning of fibres. Factors that control electrospinning and fibre morphology can 
be divided into three main categories: solution properties, operational conditions, and 
ambient conditions. Solution properties that affect the formation of fibres include 
viscosity, surface tension, conductivity and dielectric effect of the solvent. 
The viscosity of a solution is affected by the molecular weight of the polymers and its 
concentration in solution. High molecular weight polymers consist of long chains that 
are entangled. The intrinsic viscosity of polymer in solution is related to the molecular 
weight by the equation below: 
[η] = K M a         (1) 
where K is a constant that depends on polymer and solvent properties and a is a 
constant of approximately 3.4.   
When a jet is formed, the presence of entanglements in the solution allows continuous 
stretch of the solution. At low molecular weight, there are fewer entanglements and 
thus the formation of short fibres or droplets occurs. The specific viscosity, which is 
dependent on concentration, is given by the equation: 
 ηsp = C [η] = K C M a        (2) 
This indicates that an increase in polymer concentration will cause an increase in 
viscosity, which enhances the formation of fibres. The type of solvent has also been 
shown to affect the viscosity of solution. This effect has been factored into the K present 
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in the intrinsic viscosity equation. Alfrey et al. [58] showed that intrinsic viscosity is high 
in a ‘good’ solvent and low in a ‘bad’ solvent. It is important to note that an increase in 
specific viscosity will also increase the diameter of the fibres formed. Furthermore, at 
very high viscosity, it is almost impossible to draw the solution into the syringe, and the 
polymer solution dries very quickly at the tip of the spinneret. This will cause the 
formation of an unstable and discontinuous jet [59]. Although viscosity is the physical 
effect of increasing molecular weight or concentration, the formation of continuous 
fibres is controlled by having a viscoelastic solution. Therefore, chain length and 
entanglements are very vital, and these characteristics have significant impact on 
whether the jet will break into droplets or beaded fibre morphology. Thus, monomeric 
solutions do not form continuous fibres, regardless of concentration or viscosity [60, 61].   
Another solution property that affects electrospinning is the surface tension. This is 
mainly characterised by the type of the solvent. As mentioned in the above section, for 
a jet to form, the charges on the solution surface have to be high enough to overcome 
the surface tension. Thus, a solvent with a high surface tension will facilitate the 
formation of beads to reduce its surface area. Surface tension of the solution is 
controlled by the surface tension of the solvent molecules. At high solvent 
concentrations, more solvent molecules are in contact with each other and form a 
spherical congregate due to surface tension. At low solvent concentration, the solvent 
molecules distribute evenly over the polymer chains with less solvent-solvent 
interaction. 
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 An increase in conductivity of the system increases the charge density on the surface of 
the solution and this is also dictated by solvent type. However, the addition of ions to 
the solution can increase the conductivity of the system, and hence decrease the voltage 
needed to form a jet. The dielectric constant of the solvent also has a significant effect 
on the electrospinning process. Research by Son et al. [62] and Lee et al. [63] discovered 
that a high dielectric constant of solvent reduces the probability of forming beads and 
thick fibres. The dielectric constant of a solvent is related to the polarisability of the 
solvent.  
The voltage for electrospinning has to be high enough for the solution to accumulate 
charges on the solution surface. This is important so that the electrostatic forces 
overcome the surface tension. The optimal voltage depends on factors such as feeding 
rate and surface tension. When voltage is too high for a given solution and feeding rate, 
a small Taylor cone is formed [59].  High voltages also result in more stretching at the 
elongation region, forming finer fibres [64]. At even higher voltages, the cone recedes 
into the needle and discontinuous fibres or beads are formed [65]. Another report 
showed that an even further increase in voltage resulted in joining of beads which 
formed thicker fibres [66].  
High voltages can also affect the orientation of the molecules in the polymer fibre. The 
electrostatic field can generate order in the polymer fibre, inducing crystallinity. 
However, above a certain voltage, crystallinity reduces, and this has been attributed to 
short flight time. Orientation of molecules takes time, and thus a short flight time means 
that fibres will be deposited before the jet has time to align [67]. The jet path is also 
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determined by the external electric field between the source and collector. The collector 
is normally made of a conductor like aluminium foil. The collector is also grounded to 
maintain a stable electric field. This electric field can be used to manipulate the 
orientation and direction of fibre when collected [68]. For example, fibres align in 
between two charged electrode-collector separated by a gap. The electrodes generally 
have a slight bias opposite to that of the nozzle.  
DC voltage has been used mainly for electrospinning; however, few researchers have 
also utilised AC voltage. The charging of solution is generally very rapid, and therefore 
jet initiation occurs before the voltage alternates. However, different segments of the 
fibres will have positive and negative charges on them. This helps to reduce repulsive 
forces between the jets and reduces bending instability. Also, there is a low tendency of 
charge accumulation when AC is used, and therefore thicker fibre mats can be collected 
in a localised region [69]. 
At a constant voltage, the feeding rates also affect fibre formation and morphology. 
Increase in feeding rate causes an increase in fibre diameter, as well as an increase in 
beading size. Beading occurs at a high feeding rate due to a decrease in charge versus 
polymer ratio and the greater volume of solution that is drawn from the needle tip [59]. 
At large fibre diameters, the fibres may not have enough time to dry, and fusion can 
occur due to the presence of residual solvent [70]. Also, at very low feeding rates, the 
stream becomes discontinuous and results in the formation of short fibres. Therefore, 
for a change in feeding rate, there must be a corresponding change in voltage applied.  
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Temperature and humidity are the main environmental factors that affect morphology 
of electrospun fibres. Temperature affects the viscosity of the solution and evaporation 
of the solvent. Increase in temperature reduces the viscosity of the solution and thus 
the associated effects mentioned above. High temperature also aids in the evaporation 
of solvent in flight, and thus prevents splashing of polymer upon reaching the collector. 
However, it is important to always work below the glass transition of the polymer; 
otherwise, splashing still occurs due to polymer flow. Furthermore, when incorporating 
biological molecules into fibres, it is important to choose an appropriate temperature 
so as to not destroy these molecules [71].  
Increase in ambient humidity typically forms porous fibres [72, 73]. These groups 
studied the effect of humidity on polysulfone in tetrahydrofuran solvent. It was 
observed that relative humidity above 50% resulted in the formation of fibres with pores 
on the surface. The size of these pores increased with further increase in humidity, while 
above a certain level of humidity the size and depth of the pores begin to saturate [74]. 
Humidity also affects the rate of evaporation of solvent; high humidity lowers the rate 
of evaporation. This results in in more whipping and stretching of the jet. This is due to 
higher mobility of polymer chains with higher residual solvents.  Low rate evaporation 
also causes the production of wet fibres, resulting in splashing and coalescing of fibres.  
Very low humidity can cause clogging of the needle tip due to the high evaporation rate 
of solvent [75]. High humidity also causes discharging in the electrospinning jet [76]. 
Pressure and type of atmosphere have not been studied widely; nevertheless, some 
researchers have shown the effect of these parameters on electrospinning. At low 
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pressures below atmospheric pressure, the solution flows out easily through the needle 
and hence a less stable cone and jet results. Low pressure also causes discharge of the 
electrical charges. When the gas content of the atmosphere is changed, different fibre 
morphologies are formed. Baumgarten [75] showed that gas with low breakdown 
voltage does not promote electrospinning. Gases like Freon-12 with high breakdown 
voltage as compared to air form fibres with larger diameter.  
     
Figure 2.8: Electrospun polymers with beads (a), beads-on-string (b) and continuous fibre 
morphology (c) [59, 77].   
 
Melt processing of microfibers, shown in Fig. 2.9, has been explored widely in 
manufacturing sutures. Polymer pellets are fed through a hopper into a spinning vessel. 
In the spinning vessel, the pellets melt as a result of the heating elements, and the 
melted mass passes through a melting grid and is collected on the pool. The melt is then 
pumped through the spinneret. The melt solidifies as it passes through a cooling 
chamber in which cold air current is swept across the filaments.  
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Figure 2.9: Melt fibre spinning [78].  
 
2.3. Cell response to textured films 
Surfaces of synthetic polymers have been modified by chemical or physical 
functionalization to improve biocompatibility. Chemical modification can be achieved 
via plasma or wet chemical treatment, grafting and layer by layer deposition [79], shown 
in Fig. 2.10. Appropriate selection of the plasma source enables the introduction of 
various functional groups on the target surface to improve biocompatibility or to allow 
subsequent covalent immobilization of various bioactive molecules. For example, typical 
plasma treatments with oxygen, ammonia, or air can generate carboxyl groups or amine 
groups on the surface [80-83]. A variety of extracellular matrix protein components such 
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as gelatin, collagen, laminin, and ﬁbronectin can be immobilized onto the plasma-
treated surface to enhance cellular adhesion and proliferation [84, 85].  
 
Figure 2.10: Surface modification of electrospun fibres. (A) Plasma treatment or wet 
chemical method. (B) Surface graft polymerization. (C) Co-electrospinning [79]. 
 
Cell attachment and proliferation also strongly depends on the physical properties of 
the scaffold surface. Materials with surface topography can be divided into roughness 
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and texture. Roughness is associated with non-standardised discontinuities, whereas 
texture is controlled standardised patterning [86]. Effect of surface topography on cell 
behaviour was first studied by Harrison in 1912. He observed that the direction of cell 
movement was affected by linear spiderweb threads [87]. The term ‘contact guidance’ 
was coined by Weiss in 1945 when he performed experiments on different types of 
substrates. He observed changes in cell behaviour with different substrates [88]. Work 
on topographical control  of cells was resumed in the 1970s by Maroundas [89] and 
Rovensky et al. [90]. Since then, extensive work has been performed on textured 
surfaces for medical implants. The hypothesis was that microtexture on implants can 
benefit tissue regeneration due to their structural resemblance to natural ECM networks 
[91, 92]. Cell response to textured surfaces depends on cell type, shape of groove or 
protrusions, and dimensions. Anchorage-dependent cells like osteoblasts and vascular 
cells respond to textured surfaces by changing their adhesion, migration and alignment 
on the surface [93-95].  
Downing et al. [96] developed a textured substrate analogous to the topographical 
interface found between the epidermis and dermis: the basal lamina. Collagen 
membranes have grooves of 50–200 µm in depth and width between 50-400 µm. These 
are dimensions that are similar to the invaginations found in basal lamina at the dermal 
- epidermal junction of native skin. They seeded keratinocytes on the surfaces of basal 
lamina analogs, and histological analyses were performed after 7 days of tissue culture. 
The keratinocytes formed a differentiated and stratiﬁed epidermis that conformed to 
the features of the microtextured membranes. Morphometric analyses of 
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immunostained skin equivalents suggest that keratinocyte stratiﬁcation and 
differentiation increases as channel depth increases and channel width decreases.  
Steinberg et al. [97] used PDMS pillars designed in arrays with a pillar head diameter of 
5 µm, a height of 15 µm, and different pillar interspaces, namely 14, 11, and 8 µm, shown 
in Fig. 2.11. Decreasing distances of 11 and 8 µm revealed cytoplasmic extension of the 
early differentiation marker K1 on PDMS pillars. The most cytoplasmic K1 protein 
distribution was noted on the smallest pillar scale, and this correlated with higher ratios 
of K1 mRNA gene transcription [97].  
 
 
Literature review 
 
 
59 
 
 
 
Figure 2.11:  SEM pictures of IHGKs on glass or micropillar surfaces. (A) Single IHGKs on 
a glass slide exhibiting proper adhesion and cell-to-cell interconnections. (B) A nearly 
confluent IHGK layer on FN-coated glass surface. The cell-to-cell interconnections are 
marked by arrows; bar corresponds to 100 µm. (C) IHGKs on a FN-coated micropillar 
array, with pillar head interspaces of 8 µm, and a single keratinocyte covering seven 
pillars (see arrows). The inlay (C1) shows a high-magnitude section of IHGK adhesion 
structures on a pillar head (see arrows); bar corresponds to 10 µm. (D) FN-coated 
micropillar array with a pillar head distance of 8 µm. The section shows IHKGs forming 
an island with cell-to-cell interconnections (see arrows); bar corresponds to 100 µm. For 
better visibility, Figure 11E provides picture section high-resolution magnification of cell-
to-cell interconnections; bar corresponds to 20 µm [97]. 
 
Dunn and Brown [98] demonstrated the relationship between groove depth and 
fibroblast cell morphology. They showed that cell alignment and elongation are 
determined by groove depth. The cells cultured in groove depth between 0.2 and 1.9 
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µm had an effect on fibroblast and epithelial cell elongation and migration. Green et al. 
[99] showed high growth rate of faces with pillars rather than wells.  
Groove width, rather than depth, has been identified as the important parameter that 
affects cell adhesion [91, 100]. Meyle et al. [91] suggested that focal adhesions are 
preferably positioned on top of the ridges rather than in the grooves and are dependent 
on the width of the groove or ridge.  
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Table 2.1: Overview of cell culture on textured surface 
 
Cell Type Surface property Results References 
Human gingival 
fibroblasts 
Square grooves 1 µm 
width and 1 µm depth on 
PDMS 
Vinculin-positive 
attachment sites observed; 
cells aligned to grooves in 
PDMS, which had been 
made hydrophilic by glow 
discharge treatment; focal 
adhesion contacts also 
aligned to grooves 
[101] 
Human skin 
fibroblast 
2,5,10 µm widths and 0.5 
µm depth on PDMS 
Cell proliferation was 
higher on the 2 and 5 µm 
widths 
[102] 
Rat dermal 
fibroblasts 
 
Square grooves 2,5,10 
µm width and 0.5 µm 
depth 
 
2,5,10 µm grooves with 
0.5 µm depth 
2, 5 µm grooves induced 
stronger orientation than 
10 µm grooves 
Microfilaments and 
vinculin aggregates 
oriented along 2 µm 
grooves after 1, 3, 5, and  7 
days, but was less  oriented 
on 5 and 10 μm grooves; 
vinculin located primarily 
on surface ridges 
[103] 
[104] 
Human dermal 
fibroblast and 
human umbilical 
artery smooth 
muscle cells 
Different types of parallel 
groove shapes on 
collagen fibrillar 
hydrogel. V shape and 
truncated V with 2 µm 
groove depth. A 
holographic grating 
(sinusoidal) with 1 µm 
depth. 
Alignment was enhanced 
on the all-grooved surface. 
The v and truncated v 
shaped grooves showed 
better cell alignment 
[105] 
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Human abdomen 
fibroblasts 
Square wells and nodes 
with 2,5 and 10 µm in 
diameter with a height of 
0.5 µm on PDMS 
substrates 
Cells on the 2 and 5 µm 
nodes had a higher cell 
proliferation compared to 
the well counterparts. The 
10µm substrates had 
similar effects as smooth 
surfaces 
[99] 
Foreskin human 
keratinocytes 
Groove textured collagen 
with width 50-400 µm 
and depth between 50 
and 200 µm  
Keratinocyte stratification 
and differentiation 
increased with decrease in 
width and increase in 
depth. The best substrate 
was the one with the 
highest aspect ratio, 50 µm 
wide and 200 µm deep. 
[96] 
human gingival 
keratinocytes 
Pillars with 5 µm pillars 
with 8,11 and 14 µm 
inter-pillar distances 
Cell-cell interactions were 
tighter with the low inter-
pillar distances. 
Differentiation markers 
and genes were 
significantly higher in the 8 
µm distances; 4 folds 
higher than that of the 14 
µm 
[106] 
Bovine corneal 
epithelial cells  
1,2,5, and 10 µm width 
with 1 and 5 µm depth 
Cell alignment observed on 
all textured substrates. 
Highest alignment on the 
2,5 µm wide substrates.  
Migration was slower on 
the 5 µm deep samples. 
Area and distance of 
migration was low.  
[107] 
Bovine aortic 
endothelial cells 
200 nm,500 nm, 1 µm 
and 5 µm depth with 8 
µm pitch 
Increase in depth 
corresponded to increase 
in aligned cell percentage. 
Alignment in the 1 µm 
deep samples was 
observed until confluence. 
No significant change in 
proliferation was observed. 
[108] 
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Physical changes to the surface of electrospun fibres have been created through pore 
formation or creating a bead-on-string morphology, achieved by high surface energy. 
Solid phase separation can cause the formation of porous fibres without the need of 
extracting one component. This is achieved by using appropriate solvents and 
favourable ambient conditions. Solvents with high volatility cause the formation of 
pores on electrospun fibres. During solvent evaporation, the solution becomes 
thermodynamically unstable, and phase separation leads to a polymer-rich and a 
polymer-lean phase. The polymer-rich region solidifies more quickly after phase 
separation and forms the matrix, whereas the polymer-lean phase forms the pores. 
Another mechanism to be considered in the formation of porous electrospun fibres is 
that recently described by Srinivasarao et al. [109]. Porous fibre surfaces occur as a 
result of evaporative cooling due to rapid solvent evaporation, thereby significantly 
cooling the surface of the electrospinning jet as it travels from the syringe to the target. 
As the surface cools, moisture in the air condenses and grows in the form of droplets. 
The droplets remain as individual entities acting as hard spheres due to convection 
currents on the surface of the jet. As the jet dries, leaving dried fibres, the water droplets 
leave an imprint on the surface of the fibres in the form of pores as shown in Fig. 2.12 
[72]. Both high humidity and low solvent vapour pressure have been found to promote 
this effect of pore formation [72, 73, 110].   
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Figure 2.12: Pores formed in an electrospun fibre [73]. 
 
Moroni et al. [111] studied the effect of porosity on morphology and proliferation of 
human mesenchymal embryonic stem cells. They observed that nanopores in a 10 µm 
fibre enhanced cell spreading and proliferation of the cells compared to smooth 
nanofibres.  Self-crimping fibres with wavy morphology have also been created using a 
thermal treatment to simulate the natural morphology of ECM fibres. These fibres 
enhanced fibroblast proliferation and matrix synthesis [111]. Xia and Li [76] also 
demonstrated that porous fibres can be formed by coaxial spinning of two immiscible 
polymers in a common solvent. The miscibility of the solvent with both polymers can 
cause one component to be embedded in the other during solvent evaporation. The 
embedded component can be extracted to form porous fibres. So far, surface texturing 
of electrospun fibres has not been achieved due to limitations of traditional surface 
texturing techniques.  
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2.4. Surface texturing techniques 
Common surface texturing techniques 
Photolithography texturing is achieved by pattern exposure of a photoresist to UV light 
through a photo-mask. The polymer is coated with a primer and then a photoresist that 
is exposed to the UV via a photomask with the desired pattern. This is followed by an 
etching step at the exposed region (negative) or the non-exposed regions (positive). 
Etching is done by chemicals (wet) or by ion beams or ions derived from plasma (dry); 
higher resolutions are achieved with dry etching. The resolution of the 
photolithographic process determines the width of the channels. In most 
photolithography, UV light is used, and thus texturing with a photomask with spacing 
less than half the wavelength of UV (250 nm) results in blurred and fused features. Some 
work has been performed to achieve resolutions on the order of 70 nm [112, 113]. This 
has been accomplished by changing the radiation source from UV to X-rays or extreme 
UV light [113]. However, for polymers, these high-energy radiations can lead to damage 
or degradation of the material. Thus, instead of using photomasks, interferometric 
patterning of silicon wafers has been used to achieve nanoscopic textures on large 
surface areas. This is known as holographic or interference lithography [114]. In this 
method, two coherent beams are overlaid to generate constructive and destructive 
interference, giving dark and bright exposures.  
 
 
Literature review 
 
 
66 
 
 
 
Figure 2.13: Basic photolithography setup [115].  
 
Other methods that have been used to produce surface-textured polymers include soft 
lithography and thermal embossing. In soft lithography, a pre-polymer or a polymer 
solution is casted in a mould or on a stamp surface. This is followed by the solidification 
through polymerisation or solvent removal. Examples of soft lithography include replica 
moulding (REM), microtransfer moulding, micromoulding in capillaries (MIMIC), and 
solvent-assisted micromoulding (SAMIM) [116]. Fig. 2.14 shows schematics of these 
techniques. 
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Figure 2.14:  Schematic of replica moulding and micro transfer moulding  [116]. 
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Thermal embossing uses a rigid mould to form microstructures by imprinting the mould 
on the surface of a thermally-softened polymer. The softened polymer can also be 
injected into a mould cavity; this is known as injection moulding. In injection moulding, 
a thermoplastic material, usually in granulate or powder form, is placed into a cylinder 
that is kept at a constant temperature by electric heating elements. The material is 
transformed into its molten state by heat transfer from the cylinder wall. Since polymers 
are poor heat conductors, the heating is performed over a long period of time, and thus 
care must be taken not to degrade the polymer. When the material is sufficiently 
heated, it is plunged through a narrow nozzle under high pressure into a mould cavity. 
In the cooled mould, the polymer cools down under pressure and is ejected after 
solidification. This method can also be used on rubbers and thermosets. Here, the mould 
is heated rather than cooled to promote vulcanisation or curing. This technique has been 
used to make CDs based on imprinting on polycarbonate with a nickel master mould for 
commercial application [117]. Recently, these two techniques have been used to form 
textures with lateral dimensions < 50 nm in microelectronic circuitry [118].  
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Figure 2.15: An example of a thermal embossing(a) and injection moulding (b) setup 
[119]. 
 
Photoembossing 
Photoembossing has become an important technique to form relief structures due to 
the following advantages over general lithographic techniques: 1) it does not need an 
etching or solvent removal step, 2) it does not require expensive complex moulds, 3) it 
is faster than  other techniques. Photoembossing uses a photopolymer with a blend of 
multifunctional monomer, polymeric binder and a photoinitiator [120]. This process of 
creating relief structures entails four steps shown in Fig. 2.16. 
b) 
a) 
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Figure 2.16: The steps of photoembossing [120]. 
 
Initially, a photopolymer blend containing a monomer, polymer binder, and a 
photoinitiator is dissolved in an appropriate solvent. The solution is then processed into 
a film and the residual solvent is evaporated. The sample is exposed to patterned UV 
radiation via a contact photo mask. This radiation activates the initiator, which catalyses 
the formation of radicals in exposed areas. During a thermal processing step, 
polymerisation of monomer in the illuminated areas generates a chemical potential and 
concentration gradient between the exposed regions and non-exposed regions, which 
results in the diffusion of monomer from non-exposed to exposed regions. The resulting 
increase and decrease in mass in exposed and non-exposed areas creates the surface 
relief structures [121]. After the diffusion stage, the structure is exposed to UV again 
without the mask at elevated temperature to fully cure all the monomers [120, 122-
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125]. Instead of a contact photo-mask, an interference pattern of two coherent beams 
generated with a pulse or continuous laser can also be used for the patterned exposure 
[126]. 
The main drawback of photoembossing is the formation of relief structures with low 
aspect ratio in comparison with lithographic techniques. Changes in photopolymer 
composition and processing parameters have been studied to optimise relief heights 
[120, 124]. UV dosage and processing temperature are the two main processing 
parameters that affect the photoembossing process.  
 
Processing parameters 
Irradiation of the photopolymer film generates radicals that are immobile at room 
temperature, similar to the monomer. This is due to the glassy nature of the 
photopolymer blend. Heating enhances diffusion, and polymerisation occurs at the 
irradiated areas. The chemical potential and composition gradient triggers the diffusion 
process. In addition, local shrinkage in the exposed regions creates free volume in these 
area and promotes diffusion [120]. At low dosages, a very small amount of the 
photoinitiator is activated, resulting in a low conversion of monomer and thus low relief 
structures. The relief structures formed here are sinusoidal. At the optimum dosage, an 
optimum height is achieved, above which, the height begins to decrease, the shape 
changes, and two peaks begin to appear at the edges of the illuminated area as shown 
in Fig. 2.17.  
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Figure 2.17: Effect of UV dosage on resultant relief structures [120]. 
 
The diffusing monomers do not reach the central part of the exposed areas, as diffusion 
is hindered by the high crosslinking density. Thus, the monomers react mainly at the 2 
edges of the exposed areas, resulting in double peaks. Sanchez et al. [120] explained 
that in this case, the balance between the diffusion and polymerization kinetics is in 
favour of polymerisation. The same shape trend is observed as the period decreases. It 
was also noted that the optimum height is observed at higher energy doses for these 
smaller periods. Since the lateral dimensions are smaller, the appearance of the side 
shoulders requires higher degrees of crosslinking to hinder monomer diffusion to the 
central part of the exposed area and to produce accumulation of material in the lateral 
side of the exposed area. This demonstrates that the typical diffusion length of 
monomer is within the range of the periodicity of the structures and can be accurately 
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controlled by the degree of curing. Note also that lower relief heights (at optimum dose) 
are obtained for smaller pitches. The energetic cost derived from the generation of new 
surface area [10] could explain this, since a decrease of the pitch at the same height 
would lead to the generation of more surface, which is expensive in terms of energy 
[120, 127].  
Sanchez et al. [101] also studied the effect of the developing temperature on the height 
and shape of a photopolymer film. An optimum temperature was also observed in their 
system. An increase in temperature enhances diffusivity of the monomer and thus 
favours migration to the illuminated regions. However, at very high temperatures, 
above the optimal, there is a decrease in height and this was attributed to unwanted 
diffusion paths of monomers. At these high temperatures, the monomers migrate to 
both illuminated and non-illuminated regions due to high mobility, and this reduces the 
driving force for diffusion [120]. This effect was more pronounced in the films with small 
pitches. Their topographic analysis also showed that double peaks observed at the edges 
and caused by high UV dosages, disappeared with higher processing temperatures. This 
resulted in a more rounded shape due to an increase in monomer mobility [120].  
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Figure 2.18: Effect of processing temperature on relief heights. Each curve represents a 
different pitch size [120].  
  
Photopolymer composition 
The role of the monomer in photoembossing is very important because this is the 
reactive and diffusing species. It is therefore logical to say that increasing the monomer 
content will result in high aspect ratios. However, Sanchez et al. observed that 
photopolymers with a very high monomer content resulted in the formation of tacky 
and turbid samples caused by partial phase separation, undesirable for the 
photoembossing process [120]. At low monomer content, less material is available for 
the diffusion-polymerisation process, and the samples become less-plasticised, hence 
reducing the mobility of the monomer [120, 128, 129]. To date, the selection of 
monomer types in photoembossing has been rather arbitrary; in the latter part of this 
thesis, the effect of monomer and polymer type is evaluated. Sanchez et al. also 
observed that increasing the thickness of the sample resulted in higher aspect ratios, 
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especially for large pitches. This was because more monomer is able to participate in 
the diffusion process. However, there was no obvious effect of thickness on low pitches. 
This showed that, in general, the thickness of the photopolymer does not contribute to 
the relief formation to the same extent. The lower layers of the photopolymer have a 
minor influence on relief generation when the lateral dimensions are similar to or larger 
than the thickness of the film [120].  
Another important component in the photopolymer system is the photoinitiator. The 
concentration of the initiator dictates the volume of radicals generated. At constant UV 
dosage, it has been shown that the optimum initiator concentration is reached at low 
content for large pitches. Sanchez et al. showed that for a 40 µm pitch, the optimum 
initiator concentration was 1 wt.%. At concentrations above this, the height decreases 
again and two peaks begin to appear. For smaller pitches, the relief height increases 
photoinitiator content, although this trend is less marked for smaller pitches. These 
results are qualitatively identical to those found for the energy dose pitch library. In both 
cases, there were libraries with a gradient in radical concentration; optimum radical 
concentration gives rise to a nearly sinusoidal profile with optimum height. Above this 
optimum concentration, the high crosslink density hinders the diffusion of monomer to 
the central part of the exposed areas, resulting in lower heights and the appearance of 
double peaks at the exposed area [120].  
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Figure 2.19: Effect of photoinitiator concentration on height of photoembossed relief 
structure [120].  
 
Researchers have also found that the addition of chemicals that control the 
polymerisation kinetics can increase the height of relief structures [129][111][130]. 
Hermans et al. [129] showed that the retarder/inhibitor t-butyl hydroquinone (TBHQ) 
increases the aspect ratio by a factor of 7 in the absence of oxygen. The presence of this 
inhibitor/retarder reduces the rate of polymerisation, allowing more diffusing species to 
reach the illuminated regions. Furthermore, TBHQ forms a metastable compound with 
the initiator radical and temporarily reduces the number of free radicals. These reactive 
species are reactivated again during the heating step, when the structures are being 
formed, and thus increase the number of free radicals. The increased number of radicals 
enhances the consumption of monomer and upon heating increases the driving force 
for diffusion. Thus, TBHQ becomes a latent initiator that controls the kinetics of the 
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polymerisation, while at the same time preserving all of the activation sites. TBHQ is only 
effective in inert atmosphere as ambient oxygen reacts with it [129].  
 
Figure 2.20: Effect of TBHQ on acrylate conversion (a) and aspect ratio of photoembossed 
structures (b) [129]. 
 
In Fig. 2.20a, increase in TBHQ content results in a decrease in the acrylate conversion 
rate.  This decrease in conversation rate resulted in a higher aspect ratio of relief 
structures until an optimum TBHQ concentration was achieved. Above this 
concentration, TBHQ behaves more like an inhibitor rather than a retarder, and 
therefore reduces the driving force for diffusion [126].  
Perelaer et al. [111] utilised reversible addition-fragmentation chain transfer agent 
(RAFT) to increase aspect ratios by the same mechanism as TBHQ. However, these 
molecules do not react in ambient air, and thus an inert atmosphere is not needed. They 
showed that the presence of RAFT increases the aspect ratio of the relief structure. The 
(a) 
(b) 
Literature review 
 
 
78 
 
optimum height attained with increasing RAFT concentration is coupled with increase in 
UV dose [130].  Fig. 2.21 shows the effect of the RAFT agent on the aspect ratio at 
different concentrations at ambient and inert atmosphere. No significant difference is 
observed between those processed in ambient or inert atmospheres [130]. 
 
 
 
Figure 2.21: Aspect ratio as function of exposure dose for different RAFT agent to initiator 
ratios under (a) ambient and (b) inert atmosphere. The data shown is for the 20 mm 
grating size.  
 
(a) 
(b) 
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Paraffin oil has also been shown to improve relief heights by 30% when it is spread over 
the surface of film prior to diffusion in the thermal development step [124]. This was 
explained by considering that the development of the relief structures is based on a 
balance between diffusion and surface/interfacial tension (γ) [127, 131]. 
Hermans et al. [124] stated that when parafﬁn oil was applied to the photopolymer 
layer, the interfacial tension is estimated to be lowered from ±35 mN m−1 in an ambient 
environment to ±17 mN m−1. This suggested that upon reduction of the interfacial 
tension, the height of the relief structures is enhanced [124] .  
To adapt photoembossing to biomedical applications, the photopolymer used should be 
biocompatible and promote cell adhesion. Thus, all components of the photopolymer 
(i.e. polymer, monomer, initiator and other additives) should not cause cell apoptosis. 
Furthermore, it could be necessary that these materials biodegrade over time to allow 
tissue infiltration and take over after a certain period of time. Although biodegradable 
polymer binders could be used for these applications, a crosslinked network could be 
left behind. To achieve full degradation, the monomers used should be degradable after 
crosslinking. Degradable photo-crosslinked networks are reviewed in the next section. 
 
2.5. Degradable cross-linked networks 
Extensive research into covalently crosslinked, degradable biomaterial networks has 
occurred over the past 25 years. Three main polymerisation mechanisms are used to 
form covalently crosslinked polymeric biomaterials, including chain-growth, step-
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growth, and mixed mode chain and step growth mechanisms, shown in Fig. 2.22 [132]. 
During formation of a typical chain-growth network, active centres rapidly propagate 
through monomers containing multiple carbon–carbon double bonds to form high-
molecular weight kinetic chains that are covalently crosslinked (Fig. 2.22a). The initiating 
species in these chain-growth systems, typically radicals, are generated by a variety of 
methods including thermal energy [133], redox reactions [134], and cleavage of a 
photoinitiator molecule when irradiated with UV or visible light [135, 136].  
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Figure 2.22: Schematic of initial monomer molecules, crosslinked polymer networks and 
degradation products formed from (a) chain-growth polymerisation mechanism, (b) 
step-growth polymerisation mechanism, and (c) mixed mode mechanisms [132].  
 
Degradation is incorporated into covalently crosslinked networks through inclusion of 
hydrolytically cleavable anhydride or ester groups [137-139] or enzymatically cleavable 
peptide linkages [140-143] in the crosslink segments. For each type of degradable 
network, the degradation products are comprised of the original monomer core from 
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the starting materials, individual repeat units from the degradable segments, and the 
high-molecular-weight kinetic chains generated during polymerization. Modiﬁcations to 
the monomer core-chemistry in chain-growth networks directly impact the network’s 
crosslinks and allow degradation behaviour, modulus, elasticity, and equilibrium 
swelling ratios to be tailored [144-146]. For example, highly crosslinked networks 
formed from low-molecular-weight, hydrophobic dimethacrylated polyanhydrides 
degrade through a surface erosion mechanism, while moderately crosslinked hydrogels 
formed from high-molecular-weight, hydrophilic dimethacrylated poly(lactic acid)-b-
poly(ethylene glycol)-b-poly(lactic acid) (PEG-PLA) undergo bulk erosion [147-149]. 
Another example is the ability to tailor the mechanical strength and modulus of 
oligo(poly (ethylene glycol) fumarate) hydrogels through modiﬁcations of the PEG 
molecular weight [150], crosslinker mole fraction [151], and porogen content [152]. 
However, for these types of networks, only the crosslink segments degrade, leaving 
high-molecular-weight kinetic chains that must be excreted from the body [148].  
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Figure 2.23: Basic mechanisms for thiol-acrylate reactions using (a) a catalyst or (b) a 
photo-cure.  
  
Hubbell et al. [153, 154] developed degradable networks formed through Michael-
addition-type reactions between thiol and acrylate, acrylamide, or vinyl sulfone groups. 
These networks form through a step-growth polymerization of the thiol and vinyl groups 
(Fig. 2.23 b). The step-growth nature of these Michael-addition reactions stems from a 
two-part propagation process in which a thiolate ion reacts with a vinyl group to form a 
carbon-based anion, which then reacts with another thiol group to regenerate another 
thiolate ion. The repetition of these events in a system of multifunctional monomers 
generates a covalently crosslinked network with better control of the crosslinking 
density and corresponding material properties than the photoinitiated chain 
polymerization of acrylates [154]. Additionally, the degradable segments are 
incorporated throughout the network, eliminating the high-molecular-weight 
degradation products containing the backbone kinetic chains formed during chain-
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growth polymerization [132]. The Michael-addition reaction is catalyzed in a slightly 
basic environment, eliminating the need to add any initiators. Unfortunately, it is not 
possible to spatially and temporally control network formation in these materials, and 
the network gelation rates are considerably slower than those exhibited by the 
photoinitiated chain polymerization of a multifunctional class of degradable 
thiolacrylate biomaterials formed through a mixed-mode polymerization mechanism 
that is a combination of chain-growth and step-growth reactions (Fig. 2.24), where both 
reactions are radically mediated. Three reactions are involved in the propagation 
mechanism of thiol-acrylate polymerizations and are shown in Fig. 2.24 (Steps 1–3) 
[155]. Steps 1 and 2 are identical to the classical photoinitiated step growth thiol-ene 
polymerization, in which propagation and chain transfer occur sequentially [132, 156, 
157]. An additional propagation step occurs in thiol-acrylate polymerisations, due to the 
ability of the acrylate groups to react with carbon-based radicals (Step 3). This additional 
reaction results in acrylate homopolymerisation, similar to the chain-growth 
polymerization mechanism of pure acrylates. The unique thiol-acrylate molecular 
structure evolves from the mixed-mode polymerization mechanism and is directly 
impacted by thiol : acrylate ratios, transitioning from being more chain-like to more 
step-like as the ratio of thiol to acrylate groups increases. In addition to their unusual 
mixed-mode polymerization mechanism, thiol-acrylates have a number of unique and 
attractive attributes. They can polymerize upon exposure to UV light, with or without 
added photoinitiator molecules, allowing samples with thicknesses well in excess of 10 
cm to be formed. The use of light to initiate the reaction affords spatial and temporal 
control of the polymerisation.  
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Figure 2.24: Schematic for thiol-acrylate photopolymeristation. 
 
Hudalla et al. [158], described a simple approach to create hydrolytically labile PEG-
acrylate networks. The approach involved reacting excess PEG-diacrylate chains with a 
dithiol, specifically dithiothreitol (DTT), to form water-soluble (-PEG-DTT-)n PEG polymer 
chains. Because of the stoichiometric imbalance in favour of the PEG-diacrylate, this step 
growth polymerization reaction resulted in chains that were acrylate-terminated and 
could therefore be photocrosslinked into a hydrogel network using UV. Here, the 
crosslinks themselves are not degradable but dithiol “bridges,” which are hydrolytically 
labile (Fig. 2.25). The hydrolytic lability of DTT bridges is due to the presence of a 
thioether bond proximal to the acrylate ester bond. Specifically, the presence of this 
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proximal thioether group establishes a more positive atomic charge on the carbonyl 
carbon of the ester, thereby enhancing ester hydrolysis [158]. Therefore, the extent of 
network degradation and erosion can be modulated in the networks by simply varying 
the ratio of DTT bridges to photo-induced crosslinks. They also showed that the 
degradation rate increases when higher molecular weight of PEG-diacrylate was used. 
 
 
Figure 2.25: Schematic representation of (A) Michael-type addition reaction between 
poly(ethylene glycol) diacrylate and dithiothreitol to introduce hydrolytically labile 
linkages into the polymer chain, (B) photocrosslinking of acrylate-terminated polymers 
to form hydrogels containing hydrolytically labile bridges, (C) incubation of hydrogels in 
buffer simulating a physiological environment, leading to hydrogel degradation over 
time, and (D)labile bond and degradation products [155]. 
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Summary 
This literature review shows that surface texturing of polymer surfaces enhances cell 
adhesion and can be beneficial in the field of tissue engineering, in which cell adhesion 
is important for the proliferation and synthesis of tissue. Various techniques have been 
used to produce surface texture on films for biomedical applications, but so far no single 
technique has been developed to produce surface texture on fibres.  Photoembossing 
appears to be a plausible technique to achieve surface relief structures on both films 
and fibres. This technique has only been used to produce diffractive surfaces for optical 
applications. In the following chapters, we will assess the feasibility of using 
photoembossing in tissue engineering by creating surface relief structures on 
biocompatible photopolymer films and fibres. Degradable photocrosslinked networks 
reviewed in the literature will also be patterned by photoembossing to obtain 
biocompatible and biodegradable textured photopolymer film and fibres. 
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Chapter 3 
Effect of polymer binder on 
photoembossing 
Photoembossing is a simple and versatile technique to create relief structures in 
polymers using a patterned contact mask exposure and a thermal development step. 
Typically, the photo-resist consists of a polymeric binder such as poly(benzyl 
methacrylate) (PBMA) and a multifunctional monomer in a 50/50 weight ratio, and the 
mixture is a solid and non-tacky material at room temperature. Here, new mixtures for 
photoembossing are presented that contain higher monomer content and therefore 
show greater material flux during photopolymerization. These mixtures are solid at 
room temperature (RT) even at high monomer contents (60 wt.%), which is achieved by 
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using a polymer binder with a higher glass-transition temperature (Tg) such as 
poly(methyl methacrylate) (PMMA). Differential scanning calorimetry (DSC) 
experiments indicated that the interactions between monomer and PMMA are less 
strong compared with PBMA. The combined effect of increased monomer content and 
weakened interactions with PMMA led to a greater mobility of the monomer and an 
increase in height of the relief structures by 50%. 
 
3.1. Materials and methods 
Poly(benzyl methacrylate) (PBMA) and poly(methyl methacrylate) (PMMA) with 
molecular weight of respectively 70,000 gmol-1 and 75,000 gmol-1 were obtained from 
Scientific Polymer. The monomer used was dipentaerythritolpenta-/hexa-acrylate 
(DPPHA) from Sigma Aldrich. The photo-initiator (Irgacure 819) and the retarder/ 
inhibitor (tert-butyl hydroquinone, TBHQ) were obtained from Sigma Aldrich.  
Mixtures containing the polymer, monomer, retarder and photo-initiator were dissolved 
in a volatile solvent (propylene glycol mono methyl ether acetate; PGMEA). In 
accordance with previous studies by Hermans et al. [1], the weight ratio between 
retarder and photo-initiator (5:7) was kept identical. Also, a relatively high photo-
initiator to monomer ratio (1:10) was used [1]. The monomer concentrations in the 
polymeric binder were 0, 15, 30, 40, 50 and 60 wt.%.  
Each type of photopolymer film that was prepared by spin-coating was placed in a DSC 
pan. First, each sample was heated from room temperature to 80 oC at a rate of 10 
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oC/min and held at this temperature for 10 min to remove any residual solvent. This was 
followed by cooling to -40 oC at 10 oC/min and the sample was kept at -40 oC for 10 min. 
A second heating step was performed from -40 oC to 120 oC at 10 oC/min, and this second 
heating step was used to determine the glass transition temperatures. The Tg of the pure 
PBMA and PMMA was also evaluated by the same process, except that the second 
heating step was done from -40 oC to 160 oC at 10 oC/min.  
Photopolymer solutions were spin-coated on glass substrates to obtain films with a 
thickness of 40 ± 10 µm. The films were dried for 20 min in a convection oven at 80 oC. 
The sample was then irradiated with UV-light (Omnicure S2000® from Lumen Dynamics) 
through a patterned contact photo-mask (with a pitch of 20 µm) for one min at different 
light intensities in a nitrogen atmosphere. The photo-mask was then removed and the 
film was heated for 20 min to elevated temperatures in a nitrogen atmosphere. The 
optimum temperature for this heating step was obtained by varying the temperatures 
between 60 oC and 160 oC for 20 min [2]. After this thermal treatment, the films were 
flood exposed to UV-light (without a photo-mask) and heated for 10 min in nitrogen at 
elevated temperature.   
The relief structures were measured by semi-contact mode atomic force microscopy 
(AFM, NT-MDT).   
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a. Film preparation (wire-bar coating) 
  
 
 
b. UV exposure through a patterned photo-mask. The 
mask has to be in contact with the film (it is not in contact 
here to clearly show the different                 components) 
 
 
c. Removal of photo-mask followed by thermal treatment 
 
 
d. Flood exposure to UV light to cure residual monomer 
 
 
 
Figure 3.1: Photoembossing procedure. 
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3.2. Results and discussion 
Usually it is preferred to perform photoembossing using a contact mask exposure as 
shown in Fig. 3.1, and this requires a solid photo-resist with a glass transition 
temperature (Tg) above room temperature to avoid contamination of the mask and 
damage to the film. Fig. 3.2 shows the DSC traces for 0, 15, 30, 50 and 60 wt% mixtures 
of DPPHA in PMMA. With increasing monomer content, the Tg of the monomers 
broadens, and it is increasingly difficult to detect with the DSC as shown. Nevertheless, 
in all cases only a single phase transition is observed in the DSC results, which shows 
miscibility of both polymer binders and the DPPHA monomer, which is important for the 
photoembossing procedure [2]. Fig. 3.3 plots the glass transition temperature for both 
photopolymer systems as a function of monomer content. It is shown that the Tg of the 
photopolymer mixtures initially decrease rapidly with increasing monomer content. The 
PMMA-DPPHA mixtures have higher Tg compared with PBMA-DPPHA mixtures, which is 
expected because the Tg of the polymeric binder is higher. However, the depression in 
Tg is slightly steeper for the PMMA photopolymer compared to that of the PBMA 
photopolymer. Although the initial depression of Tg is higher for the PMMA-DPPHA 
photopolymer, the Tg of the mixtures remains high in comparison to PBMA-DPPHA 
mixtures, and non-tacky mixtures were obtained even at relatively high monomer 
contents. The depression in Tg of a polymer-diluent system has been attributed to size 
of diluent and interaction between the polymer and diluent [3]. In our study, the diluent 
(monomer) is kept constant, and thus it can be assumed that the Tg depression is 
controlled generally by the interaction between polymer and monomer. Stukalin et al. 
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computed that weak attractive interactions between diluent and polymer matrix result 
in steeper Tg depressions [3]. This weak interaction could be a bonus with respect to 
diffusion of the monomers to the UV irradiated areas. 
 
Figure 3.2: DSC traces of PMMA-DPPHA films at different DPPHA concentration. 
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Figure 3.3: Glass transition temperature of PMMA-DPPHA and PBMA-DPPHA 
photopolymer at different DPPHA monomer concentration measured by DSC.  
 
In the next paragraphs, the performance of these mixtures in photoembossing is 
discussed in terms of the height, shape and aspect ratio of the relief structures that are 
generated. 
Photo-initiator and inhibitor/retarder were added to the mixtures and photoembossing 
was performed using a range of UV-light dosages (0.12 - 2.2 J.cm-2) and temperatures 
(60 - 160 oC) to obtain the optimum conditions. It was found that the optimum UV-light 
dosage (1.5 J.cm-2) was relatively the same for all photopolymers. However, the 
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mixtures (110 oC) investigated by Sanchez et al. was approximately 20 oC lower than for 
PBMA-DPPHA mixtures (130 oC), which is hardly surprising in view of the  higher Tg of 
the PMMA-based mixtures (Fig. 3.3). At identical monomer contents, the photopolymer 
mixtures containing the PMMA binder had a slightly higher height (about 20 %), 
especially at a monomer content of 30 and 50 wt% (Fig. 3.4). Increase in relief height in 
photoembossing is dependent on monomer diffusion to the irradiated region before 
they are cured. The diﬀusion process can therefore be inﬂuenced by mobility of 
monomers, interaction between polymer-monomer, and chain flexibility [3, 4]. The Tg 
measurement provides information about the temperature at which the system 
mobility is activated. The PBMA-DPPHA system showed lower Tg compared with the 
PMMA-DPPHA systems, and this is reflected in the lower optimum processing 
temperature for the PBMA-DPPHA photopolymer. However, the Tg depression with 
increasing monomer concentration as observed in the DSC results, although only a 
qualitative finding, suggests that the interaction between PMMA and DPPHA is weaker 
than for PBMA and DPPHA. A low polymer-monomer interaction is desirable to allow 
easier diffusion  of monomer to the irradiated areas (very low interaction may result in 
phase separation) [3], and may have caused the increase in relief height for the same 
monomer concentration of the PMMA-DPPHA system. However, the advantage of using 
a PMMA binder becomes even more apparent when higher monomer contents can be 
used. In the case of PBMA, very tacky samples are obtained at monomer contents above 
50 wt%, and these mixtures cannot be processed easily, i.e. the mask adheres to the 
photo-resist and photo-resist residues tend to pollute the mask upon removal. In the 
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case of PMMA, the monomer content can be increased above 50 wt% without major 
tackiness issues, and this increases the height of the relief structures (i.e. the maximum 
height is increased from ~1.5 μm (PBMA-DPPHA) to ~2.2 μm (PMMA-DPPHA), which 
corresponds to an increase of approximately 50%).  
 
 
Figure 3.4: Height of relief structures at different monomer concentration at 1.2 J/cm2 at 
developing temperatures of 110 oC for PBMA and 130 oC for PMMA, measured by AFM. 
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Figure 3.5: Shape profile of photoembossed substrate measured by AFM. 
 
The shape of the relief structures obtained was measured and experimental data are 
shown in Fig. 3.4. Here, double peaks are observed for the PMMA-DPPHA sample 
containing 50 wt% of monomer, although the effect is not very pronounced. 
Nevertheless, a rather smooth profile of the relief structure was obtained for the 
PMMA-DPPHA sample with 60 wt% of monomer, which illustrates that a rather accurate 
reproduction of the mask is generated. 
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3.3. Conclusions 
 
A high aspect ratio of surface relief structures is often vital in, among others, optical [5] 
and biomedical applications [6]. Here, it was shown that a PMMA polymer binder with 
a high Tg allowed the use of higher monomer content diffusible species, which resulted 
in higher relief structures by photoembossing. The increased monomer content in 
combination with a weaker polymer-monomer interaction for the PMMA-DPPHA 
system led to a 50% increase in relief heights of the photoembossed structures.  
PMMA as a polymer has been deemed biocompatible and is used in bone cements. Here 
we have shown that PMMA-DPPHA can be photoembossed to produce surface texture. 
In the next chapter, PMMA-photopolymer blends are evaluated for biocompatibility. 
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Chapter 4 
Photoembossing of surface relief 
structures in polymer films for 
biomedical applications 
Here, new mixtures for photoembossing are presented that are potentially 
biocompatible. Poly(methyl methacrylate) is used as a polymer binder, and two different 
acrylate monomers, trimethylolpropane ethoxylate triacrylate (TPETA) and 
dipentaerythritol penta-/hexa-acrylate (DPPHA), are tested, with the PMMA-TPETA 
system showing higher surface relief features. In this mixture, the inihibitor TBHQ (used 
in Chapter 3) was not used because it is toxic to cells. The photoembossing procedure 
was therefore performed in air, using oxygen as an inhibitor. Biocompatibility is 
evaluated by culturing human umbilical vein endothelial cells (HUVECs) on films of these 
photopolymer blends. PMMA with TPETA and PMMA-DPPHA films showed enhanced 
cell adhesion compared to PMMA. The cells also showed alignment on surface-textured 
films, with the highest degree of alignment on films with 20 µm pitch and 2 µm heights. 
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This study shows that photoembossing is a feasible method to produce surface textures 
on films that can be adopted in the field of tissue engineering to promote cell adhesion 
and alignment.  
 
4.1. Materials and methods 
Poly(methyl methacrylate) with a molecular weight of 120,000 g/mol, 
trimethylolpropane ethoxylate triacrylate (TPETA), dipentaerythritol penta-/hexa-
acrylate  (DPPHA), and 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone were 
used, all from Sigma-Aldrich. The solvent used here was propylene glycol monomethyl 
ether acetate (PGMEA) and was used as received from Sigma-Aldrich. Polystyrene 
culture well plates were used as received from Sigma Aldrich.  
Two types of solutions were prepared: PMMA and DPPHA at a ratio of 50:50 wt%. 
Photoinitiator 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone was added at 
10 wt% of DPPHA. All components were dissolved in 70 wt% of PGMEA. Similar solutions 
were prepared using TPETA as the monomer. These solutions were coated on glass slides 
using a wire bar coater to obtain a film thickness of 20 ± 6 µm. The coated glass slides 
were subsequently irradiated with UV light via a contact photo-mask followed by a 
thermal development step for 20 min in ambient air. The films were then fully exposed 
to UV light for 20 min to cure residual monomer in nitrogen. The curing was done at 
room temperature and at 130 oC in nitrogen, and the total conversion was analysed 
using Fourier transform infrared- attenuated total reflection (FTIR-ATR). The UV dosages 
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during mask exposure and development temperature were varied to study the effect on 
relief height. 
Relief structures were measured by atomic force microscopy (AFM, NT-MDT®) in semi-
contact mode. 
Human umbilical vein endothelial cells (HUVECs) (Life Technologies Ltd.) were cultured 
in T75 flasks (Sigma-Aldrich Co. LLC) using M199 (Life Technologies Ltd.) supplemented 
with 20% foetal bovine serum (FBS), 1 ng/mL β-endothelial cell growth factor, 3 μg/mL 
endothelial cell growth supplement from bovine neural tissue, 1.25 μg/mL thymidine, 
10 μg/mL Heparin, 0.2 mMol/mL L-glutamine, 10 U/mL Penicillin, and 10 mg/mL 
Streptomycin (all supplements were purchased from Life Technologies Ltd.) at 37 °C in 
95% air/5% CO2. Cells were sub-cultured every week, and the medium was changed 
every 2 days. Cells at passages 3-7 were used in the experiments. It has been previously 
shown that cells between passages 3-7 behaved in a similar manner in response to 
surface topography [1]. HUVECs were seeded onto pure PMMA, PMMA-DPPHA and 
PMMA-TPETA films  coated on 13 mm glass slides at a density of 20,000 cells/well in the 
non-treated polystyrene 24-well dishes (Thermo Fisher Scientific Inc.) in M199 with all 
the supplements and 20% FBS. PS well plate and glass slides were used for the reference 
experiment. All the polymer films were sterilized under ultra violet (UV) light for 30 min, 
followed by 2 times wash with 70% ethanol and 2 times wash with PBS (Sigma-Aldrich 
Co. LLC). Cells were then trypsinised and stained with Typan Blue® to count live and dead 
cells after 72 hrs. Fluorescent staining of cells was also performed with 4 µM of ethidium 
homodimer-2 (EthD-2) and 2 µM Calcein AM for live and dead cells, respectively. Cell 
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orientation was investigated using a scanning electron microscope (SEM). The cells were 
fixed with 3% paraformaldehyde in PBS and incubated at room temperature for 8 min. 
This was followed by dehydrating the cells using ethanol/ deionised water solution with 
10, 50, 60, 70, 80, 90 and 100 v/v%.  The samples were dried for 24 hrs in a biosafety 
cabinet. Samples were sputter coated with gold and observed in a SEM (FEI Inspect-F®) 
using a voltage of 10 kV. Cell orientation was analysed using Image J® Java software.  
 
4.2. Results and discussion 
Photoembossing  
The migration of monomer to irradiated areas and the overall height of the surface 
structures is determined by the polymerisation-induced monomer concentration 
gradient, diffusivity differences, crosslinking properties, interaction between 
components, and surface free energy [2]. For both photopolymer systems, a photo-mask 
with a pitch of 10 µm was used to study the effect of UV dosage and developing 
temperature shown in Fig. 4.1a and Fig. 4.1b, respectively. 
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Figure 4.1: Effect of (a) UV dosage and (b) temperature on relief height of 
photoembossed films. Lines are used to join data points as a guide for the eyes and not 
as a trendline. 
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The height of the relief structure increases to an optimum UV dosage of approximately 
0.145 J/cm2. Sanchez et al. [2] described the effect of UV dosage on photoembossed 
films. At low intensities, only small amounts of photoinitiator are activated, and thus a 
smaller amount of monomer is converted. This reduces the concentration and chemical 
gradient in the film, and thus lower structures are formed. At dosages above the 
optimum, a very large amount of photo-initiator is activated, resulting in very high 
polymerisation rates and an increase in conversion. This reduces the mobility of the 
monomer through the polymer network. Therefore, monomers do not reach the central 
part of the irradiated regions, but react on the edges forming  double peaks [2] 
Developing temperature was also varied using a pitch of 10 µm, and the results are 
shown in Fig. 4.1b. Generally, higher temperature equates to higher diffusivity of 
molecules and thus greater flux of material to irradiated areas, resulting in higher relief 
structures. However, at temperatures above the optimum, there could be unwanted 
migration of radicals to non-exposed regions, diminishing the driving force for diffusion 
[2].  
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Figure 4.2:  AFM image of photoembossed DPPHA (a) and PMMA-TPETA (b).  (c)  is a plot 
showing the geometry of the relief structures obtained by AFM  for a 10 µm pitch film. 
 
Fig. 4.2 shows the profile of the relief features measured by AFM. In both dosage and 
temperature experiments, PMMA-TPETA systems showed higher relief structures, 
compared with PMMA-DPPHA. Furthermore, the shape profiles are different at the 
optimum processing parameters, with PMMA-TPETA showing a sinusoidal profile and 
PMMA-DPPHA having a more ‘table top’ profile.  The differences between these two 
photopolymer blends can be attributed to conversion rate and crosslinking of the 
monomer.  
Anseth et al. [3] showed that an increase in functionality results in a decrease in 
maximum conversion and average number of reacted double bonds per monomer. 
TPETA and DPPHA are triacrylate and hexaacrylate, respectively. Conversion of the 
monomers was then calculated by the area under cured and non-cured peaks at 1407 
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(=CH2) and 1630 (C=C) cm-1 using the equation: % Conversion = (Anc-Ac)/Anc, where Anc  
and Ac are the area under the curve  for non-cured and cured photopolymer blends, 
respectively. 
Fig. 4.3 shows absorption of the =CH2 and C=C peaks before and after UV curing in 
nitrogen for 20 min. The reduction of the =CH2 peak of PMMA-DPPHA and PMMA-TPETA 
was calculated to be 70% and 90%, respectively.   
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Figure 4.3: FT-IR graphs of PMMA-DPPHA (a) and PMMA-TPETA (b) before and after 
curing. The bonds studied here are absorption of the acrylate bonds 1407 cm-1 (=CH2) 
and 1630 cm-1 (C=C).  
 Additionally, the characteristic stretching of the acrylic double bond at frequencies of 
1630 cm-1 disappeared completely for PMMA-TPETA, and this confirmed that the 
monomer had been polymerized. Part of this peak was still present for PMMA-DPPHA, 
indicating that there was still unreacted monomer. Due to higher functionality of 
DPPHA, much earlier conversions result in diffusion-limited propagation [3]. The high-
end conversion of TPETA can be a factor that results in the higher-relief structures of 
PMMA-TPETA. Higher conversion in irradiated regions generates a higher chemical and 
concentration gradient for monomer diffusion from non-irradiated regions. 
Furthermore, due to the high functionality of DPPHA, a high cross-link density is formed 
early on, hindering monomer diffusion to the core of the irradiated region resulting in 
less material reaching the centre from the lateral sides. This explains why the profile of 
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PMMA-DPPHA has a broader peak compared with PMMA-TPETA.  Other factors that can 
affect the height of the relief structures (not shown here) include interaction between 
monomer and monomer/polymer, and the shape and size of the monomer [4-6]. 
Nevertheless, it is shown that the height of photoembossed structures can be controlled 
with both UV and temperature for both PMMA-DPPHA and PMMA-TPETA. 
 
Cell culture 
Very often, functionalisation  of polymer surfaces with biological molecules like collagen 
or fibronectin is often important to promote cell adhesion. However, in this study, the 
substrates were not coated or functionalised in order to fully investigate material 
properties. Fig. 4.4a is the fluoresence staining of PS, PMMA, PMMA-TPETA and PMMA-
DPPHA from left to right, respectively. The live cells are stained green (top) and dead 
cells are red (bottom). All materials showed similar viability of 90%. This result was in 
agreement with the typan blue result after trypisinization. After 7 days of culture, all 
surfaces apart from PMMA-DPPHA were nearly confluent. Cell number on PMMA-
DPPHA was significantly lower (p<0.05) than substrates with the same surface area 
(glass slide, PMMA and PMMA-TPETA). Generally, monomers are harmful to cells, and 
thus conversion of monomer during photopolymerisation is important for cell 
compatibility. Adhesion of fewer cells on the surface of PMMA-DPPHA could be 
attributed to the presence of non-converted monomer. Nevertheless, the PMMA-TPETA 
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showed promising results as a biocompatible material for cell culture and thus was 
analysed further for cell orientation under SEM. 
 
  (a)                                                        
 
  
 
 
 
 
 
 
 
Figure 4.4: Live (top) and dead (bottom) cells staining for (a) PS (i), PMMA (ii), PMMA-
DPPHA (iii) and PMMA-TPETA (iv) (left to right) after 7 days of culture. (b) Graph showing 
cell number of live cells after trypsin and trypan blue staining. The cell number of the 
glass slide (GS) was included to compare similar surface area.  This figure shows that 
PMMA-TPETA has a significantly higher number of cells compared to PMMA-DPPHA 
(p<0.05).    
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PMMA-TEPTA films were photoembossed with pitches from 4-100 µm on each film to 
determine the appropriate pitch for HUVECs using the optimum conditions for the 10 
µm pitch. It was observed that more cells adhered in the regions with 20 µm pitches. 
Fig. 4.5 shows cell orientation on 20 µm pitch films, which had a relief height of 2 µm.  
The long axis of the cells appeared to be aligned with the direction of grooves (Fig. 4.5a). 
The results of cell orientation on the surface-textured PMMA-TPETA evaluated after 72 
hrs is shown in Fig. 4.5b. Cells are aligned if their major axes were within 20° with respect 
to the direction of the groove [1, 7]. The groove orientation is taken as 90o, and thus 60% 
HUVECs were oriented on the photoembossed substrate with 20 µm pitch and 2 µm 
depth. This shows that the cells respond to the surface topography and that contact 
guidance is achieved on these substrates.  
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(a) 
.  
 
 
 
   (b) 
 
 
 
     
 
 
 
 
Figure 4.5:  (a) shows SEM images of HUVEC on flat film (i) and on textured 20 µm pitch 
and 2 µm height grooves (ii).  (b) is the cell orientation distribution with groove direction 
taken as 90o. 
 
4.3. Conclusions 
Biocompatible PMMA photopolymers have been successfully textured by 
photoembossing. The height of the relief structures was controlled by altering UV 
dosage or processing temperature to obtain different relief height. The main advantage 
of this type of surface texturing over traditional lithographic and embossing techniques 
0
20
40
60
80
100
90-80 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-0
C
e
ll 
N
u
m
b
er
Orientation Angle (o)
Photoembossing of polymer films 
 
 
 
129 
 
is its potential to create complex relief features without the need of an etching step. It 
can also be utilised in automated in-line manufacturing processes. Biocompatibility of 
the photopolymer blends was evaluated by culturing HUVECs in vitro. It was shown that 
PMMA-TPETA had similar adhesion to PMMA in the absence of protein coating. PMMA-
TPETA showed   highest cell adhesion compared with PMMA-DPPHA, and this was 
attributed to the higher conversion of monomer of TPETA compared with DPPHA. 
Contact guidance of HUVEC cells was also observed on the photoembossed substrate 
with a pitch of 20 µm and depth 2 µm, with 60% of the cells aligning in the direction of 
grooves. 
In the next chapter, the biocompatible PMMA-TPETA is processed into fibres using the 
electrospinning technique. The spun photopolymer fibres are then photoembossed to 
create texture on fibre surfaces, and the effect of this fibrous textured morphology on 
cell adhesion will be evaluated. 
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Chapter 5 
Photoembossing of electrospun PMMA-
TPETA fibres using holographic 
exposure 
Non-woven biomaterials based on electrospun nano- or micro-fibres are presently being 
extensively investigated for biomedical applications such as tissue engineering and drug 
delivery. Here, fibres for such applications are electrospun from blends using a volatile 
solvent, and solid fibres containing a polymer and monomer mixture are collected on a 
substrate. To study the effect of UV dosage and temperature on photoembossing of 
these fibres, non-woven mats with fibre diameter of 2 µm are electrospun and 
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patterned using interference of two coherent UV laser beams followed by a thermal 
development step. In this study, a patterned exposure with a pitch of 8 µm is used to 
texture these fibres. AFM measurements revealed that the patterned exposure using 
interference holography resulted in a surface texture on the fibres. The effect of 
temperature and UV dosage on fibres was similar to results seen in photoembossed 
films.  
Fibronectin and cell adhesion was evaluated on 1 µm fibres with a pitch of 2µm.  Results 
showed that cells and fibronectin adhered better onto the PMMA-acrylate fibres 
(smooth and textured) compared to pure PMMA fibres after culturing for 24 hrs. 
Vinculin staining revealed focal adhesions along the fibre axis. However, texturing did 
not improve cell adhesion to photoembossed fibres compared with their non-embossed 
counterparts.  
 
5.1. Materials and methods 
Poly(methyl methacrylates) with molecular weights of 120 kg/mol and 350 kg/mol were 
used as received from Sigma Aldrich. The monomer (trimethylolpropane ethoxylate 
triacrylate; TPETA), photo-initiator Irgacure 369, and dimethyl formamide (DMF) were 
all used as received from Sigma Aldrich. Dapi, phalloidin-TRITC, mouse anti vinculin, 
rabbit vinculin antibody, anti-rabbit antibody (594-conjugate), fibronectin and Polyl-
lysine polyethylene gylycol (PLL-PEG) were obtained from SuSoS. Phosphate buffer 
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saline (PBS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 
paraformaldehyde, TritonC, and gelatine were obtained from Sigma Aldrich.  
Electrospinning  
A 60:40 wt% ratio of PMMA (120 kg/mol) and TPETA were dissolved in 70 wt% of DMF. 
Irgacure 369 was dissolved at 10 wt% of the monomer. This solution was electrospun 
using a single nozzle with 1 mm diameter at a collector distance of 20 cm. The applied 
voltage was 20 kV with a flow rate of 0.8 ml/hr. The fibres obtained had a diameter of 2 
± 0.5 µm. Films were also prepared by wire-bar coating with this solution as a control to 
compare texturing of films and fibres. 
To obtain fibres with a diameter of 1 µm, PMMA with a molecular weight of 350 kg/mol 
was blended with TPETA at a ratio of 60:40 wt% of PMMA and TPETA, respectively. The 
monomer and polymer were dissolved in 82 wt% DMF. An initiator was added at 10 wt% 
of the monomer. Fibres of 1 µm diameter were achieved by using a solution flow rate of 
1 ml/hr. PMMA on its own was dissolved in 82 wt% DMF and was electrospun as a 
control.  
 
Photoembossing  
The first set of experiments was carried out to study the effect of UV dosage and 
processing temperature on 2 µm diameter fibres. Wire-bar coated films on glass cover 
slips with a thickness of 20 ± 5 µm were used as positive controls for the 
photoembossing process. The pitch used for these experiments was 8 µm. The 2 µm 
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spun fibres were exposed to a UV-light pattern generated by interference of two 
coherent beams from a pulsed Nd:Yag laser coupled to second and third harmonic 
modules, emitting 4 ns pulses of 355 nm linearly polarized light with vertical polarization 
(repetition rate 10 Hz) UV source. The exposure was done in ambient air at room 
temperature. Fig. 5.1 shows a schematic of the photoembossing procedure. Different 
UV intensities were studied to obtain the optimum intensity. The intensity of the source 
was varied between 0 - 150 mJ/cm2. For this study, the temperature used for the 
thermal processing step was 120 oC in ambient air. At the optimum UV dosage, the 
thermal development temperature was also varied in order to study the effect of 
processing temperature on the relief height. After the thermal development stage, the 
fibres underwent flood exposure with UV-light using an Omnicure S2000® from Lumen 
Dynamics at 120 oC in ambient air to cure the residual monomer. The height of the relief 
structures was analysed on the films and fibres using atomic force microscopy (AFM) 
and scanning electron microscopy (SEM). The second part of the photoembossing study 
involved patterning 1 µm fibres with a 2 µm pitch for cell adhesion studies. The pitch 
sizes were varied using the equation p = λ/n.2sinθ, where p is pitch, λ is the wavelength, 
n is the refractive index of air, and θ is the angle of interference.   
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Figure 5.1: Photoembossing procedure on fibres by holographic exposure. 
 
Fibronectin coating 
PMMA and PMMA-TPETA fibres with an average diameter of 1 µm were electrospun on 
a 12 mm diameter glass substrate. Non-textured and photoembossed PMMA-TPETA 
electrospun fibres were analysed for fibronectin adhesion. PMMA fibres were used as 
control. The samples were placed in a 24-well plate and were first coated with PLL-PEG, 
which was dissolved in 0.25 µg/ml in HEPES to prevent protein adhesion onto the glass 
for 45 min. The samples were then washed with PBS and coated with 10 µl/ml of 
fibronectin in PBS. The samples were left to incubate for 45 min and washed with PBS. 
The samples were blocked with serum, gelatin and PBS in a ratio 1:0.025:10, 
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respectively, and incubated with a rabbit vinculin antibody at 400x dilution in the 
blocking buffer for 45 min. The samples were then washed and incubated for 45 min 
with anti-rabbit antibody (594-conjugate) at 1000x dilution in the blocking buffer to 
stain red. The samples were washed with PBS 3 times and once with deionised water. 
The slides were mounted with movial and analysed using a LEICA fluorescence 
microscopy.  
 
Cell culture  
To study keratinocyte behaviour on smooth and photoembossed electrospun fibre, a 
layer of 1 µm fibres was electrospun onto 13 mm glass slides. This was followed by a 
PLL-PEG coating to prevent non-specific cell adhesion onto the glass. The substrates 
were then coated with fibronectin and seeded with human primary keratinocytes at a 
density of 20,000 cells/ml in a 24 well plate for 24 hrs. The cells were washed in PBS and 
fixed in 4% paraformaldehyde for 5 min. The samples were then washed with PBS 
followed by incubating with triton for 5 min. After washing with PBS, they were 
incubated in blocking buffer for 30 min. Each sample type was stained for actin and 
vinculin using phalloidin-TRITC (500x) and mouse anti-vinculin (500x), respectively, in 
blocking buffer. All samples were also stained with Dapi (1000x) to observe cell nuclei. 
Cells cultured on photoembossed 1 µm fibres were also stained with actin and vinculin 
to study the effect of surface-textured fibres on cell adhesion and spreading.  
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5.2. Results and discussions 
Photoembossing 
Electrospinning of 2 µm fibres of PMMA-TPETA fibres resulted in homogenous fibres, 
shown in Fig. 5.2. Few beads were observed in the fibre mat, which may be due to 
fluctuation in ambient conditions, particularly humidity and temperature, which 
influence fibre morphology [1]. 
 
 
Figure 5.2: Electrospun fibres using PMMA (MW = 120 kg/mol) 60:40 TPETA blend before 
photoembossing. 
The fibres and films were photoembossed with a pitch of 8 µm. The results in Fig. 5.3 
show that the optimum UV dosage is similar for both films and fibres. The fibres and 
films had an optimum relief height of 510 nm and 600 nm, respectively, at a UV intensity 
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of 0.08 J/cm2. Films showed higher relief structures, and this could be attributed to the 
thicker film sample (20 μm) compared to fibres (2 μm), as more monomer participates 
in the diffusion process in thicker samples. We have previously shown (see Chapter 4) 
that the optimum processing temperature for PMMA-TPETA was 120 oC, and thus all 
thermal development steps were performed at this temperature.  
 
Figure 5.3: Relief height of photoembossed substrates with an 8 µm pitch at different 
UV dosages. 
 
The effect of UV intensity has previously been studied by Sanchez et al. [2] and De Gans 
et al. [3] for photopolymer films. Their results also showed that above an optimum UV 
dosage, the height of relief structures decreases, and this was attributed to high 
crosslink density, which inhibits monomer diffusion [16, 20].   
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(a)  
 
 
 
 
 
  
Figure 5.4: SEM of photoembossed PMMA-TPETA. (a) Fibres oriented in the appropriate 
axis were textured, whereas those completely parallel to the interference pattern 
showed no texture. The pitch size on the fibre surface also changed depending on 
orientation. (b) AFM profile of the textured fibres.  
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The fibres maintained their fibrous structure after photoembossing as shown in Fig. 5.4. 
SEM images also revealed that not all the fibres are textured during photoembossing. 
Fibres that were parallel to the interference pattern were not embossed, while those 
perpendicular had a pitch equal to the interference pattern. Therefore, the relief height 
shown in Fig. 5.3 was obtained by using only samples with a pitch of 8 µm (i.e. fibres 
perpendicular to the interference axis). To obtain surface textures on fibres with 
uniformly distributed pitches, all fibres should be aligned in one direction and exposed 
perpendicular to the interference pattern. This can be beneficial in tendon and ligament 
regeneration, when anisotropic fibre mats are preferred [4]. Nevertheless, we have 
shown that surfaces of electrospun fibres can be textured by photoembossing while 
maintaining their morphology with the height of the relief structures to be controlled by 
the UV dosage. Furthermore, we have shown that processing parameters used for the 
photoembossing of films can be adapted for fibres.  
For endothelial cell culture, fibres of 1 µm diameter were selected for electrospinning 
because the fibre mat was less affected by ambient spinning conditions, unlike the 2 µm 
fibres. 1 µm fibres were obtained by increasing the molecular weight of the polymer 
binder from 120 kg/mol to 350 kg/mol. Hence, the concentration of the polymer and 
monomer could be reduced to achieve a spinnable solution. Fig. 5.5 shows a fluorescent 
microscopy image of electrospun fibres before and after photoembossing. The 
photoembossed fibres shown in Fig. 5.5 are fibres processed at the optimum UV 
intensity at this pitch. Fig. 5.6 presents the height of the surface structures as a function 
of UV intensity.  
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Figure 5.5: Fluorescence microscopy image of electrospun 1 µm PMMA-TPETA fibres 
before (a) and after photoembossing with 2 µm pitch (b).Fibres are fluorescent due to 
the photoinitiator.  
(a) 
(b) 
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The optimum UV intensity for a 2 µm pitch  shown in Fig. 5.6 is 0.2 J/cm2; about 2.5 times 
that of the 8µm ptich. Sanchez et al. [2] and De Gans et al. [3] showed that in the case 
of films, a higher optimum UV intensity is required for lower pitches. Higher UV intensity 
results in a higher crosslink density of the network. For smaller pitches, the diffusion 
path is shorter and thus less affected by these high crosslink densities. Similar effects 
are operative in the current study on fibres.    
 
 
 
Figure 5.6: Influence of UV intensity on the height of surface structures for a 
photoembossed 1 µm diameter fibre with a pitch of 2 µm. The thermal development step 
was performed at 120 oC in ambient air.  
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To demonstrate that the photoembossing technique can also generate sub-micron 
texturing, we embossed the surface of electrospun fibres at a pitch of 0.5 µm and a UV 
dosage of 0.2 J/cm2 at 120 oC. The height of the structures formed was 30 nm. AFM 
images of the relief structures with 2 µm and 0.5 µm pitches are shown in Fig. 5.7.  
 
 
 
 
Figure 5.7: Surface textured PMMA-TPETA fibres with 2 µm (a) and 0.5 µm (b) pitches on 
1 µm diameter fibres as analysed by AFM. 
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In this chapter, we have shown that electrospun fibres can be textured by 
photoembossing using a holographic patterned laser exposure followed by a thermal 
development step. The fibres maintained their morphology after photoembossing. The 
effect of UV intensity on relief height showed a similar trend as in films, i.e. an increase 
in relief height was observed with increasing UV intensity until an optimum value above 
which the height again decreases. Furthermore, a reduced pitch size requires a higher 
optimum UV intensity, which is also in agreement with results obtained by Sanchez et 
al. [2] for films. In summary, it has been shown that the photoembossing technique can 
be used to create submicron textures on electrospun fibres by patterned holographic 
exposures that mimic the surface of natural collagen. In the next section, we will 
evaluate the effect of such surface texturing on cell culture. 
 
Fibronectin adhesion 
Cell adhesion is mediated by extracellular matrix (ECM) molecules such as fibronectin, 
vitronectin, collagen or laminin [5-7]. During in vivo cell culture, the surface of synthetic 
biomaterials is generally coated with these molecules to promote cell adhesion, which 
is essential to promote keratinocyte viability. Fibronectin protein has been used 
previously to promote keratinocyte adhesion on the surface of polymeric biomaterials 
[8]. The adhesion of fibronectin to the surface of 1 µm fibres was qualitatively analysed 
by checking the fluorescence of stained adhered fibronectin on the surface of the fibres. 
After electrospinning, photoembossing and curing, the substrates were coated with PLL-
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PEG to prevent protein adhesion onto the glass slide. The assumption here was that the 
PLL-PEG will attach to the glass slide and not the polymer fibres. This was then followed 
by the fibronectin coating on the fibres. Fibronectin coating on glass slide with (Fig. 5.8a) 
and without (Fig. 5.8b) PLL-PEG were used as reference. The reference samples showed 
that PLL-PEG diminished fluorescence intensity (Fig. 5.8b) of fibronectin.   After 24 hr of 
incubation, PMMA fibres did not show a substantial presence of fibronectin (Fig. 5.8c), 
as no obvious fluorescent fibres were observed. PMMA-TPETA fibres were fluorescent 
even in the absence of fibronectin (Fig. 5.8d). However, the intensity of the red 
fluorescence increased significantly after fibronectin coating on the non-textured 
PMMA-TPETA surface (Fig. 5.8e). After surface texturing by photoembossing, the 
intensity of the red fluorescence decreased (Fig. 5.8f), compared with the non-textured 
surface (Fig. 5.5e). Unfortunately, this indicated that fibronectin adhered better on 
smooth PMMA-TPETA fibres rather than their textured counterparts. This result seems 
surprising, as micro-texturing has been shown previously to promote fibronectin 
deposition, which has been attributed to the increase in surface area and increase in 
surface energy [9-11]. However, this seems not to be the case for the photoembossed 
PMMA-TPETA. Two possible causes for this could be: (i) the formation of PMMA-rich 
zones during photoembossing, and/or (ii) some degree of adhesion of PLL-PEG on the 
fibre surface. From the fluorescent image, it seems more likely that PLL-PEG adhered to 
the surface of the textured fibres, thus reducing the adhesion of fibronectin. Cell 
adhesion on these substrates is also evaluated in terms of cell number and cell area. In 
Chapter 4, photoembossing of PMMA-TPETA films did not make any difference in the 
Photoembossing of electrospun PMMA-TPETA fibres 
 
 
 
146 
 
cell number adhered to a textured film. Therefore, the minimum expectation here 
would be to observe no difference between embossed and non-embossed surface 
structures. However, if there is a reduction of fibronectin adhesion caused by the 
presence of PLL-PEG on the surface of the fibres, then a reduction in cell adhesion should 
also be observed. 
 
 
Figure 5.8: (a) Fibronectin staining on glass, (b) Glass coated with PlL-PEG, and (c) PMMA 
fibres coated with PLL-PEG and fibronectin. (d) shows PMMA-TPETA without fibronectin 
and (e) and (f) are fibronectin-coated fibres without and with surface texture, 
respectively. Scale bar represents 60 µm.   
Cell interaction 
To observe the effect of fibre surface texturing on cell behaviour, the 1 µm diameter 
fibres were photoembossed. The substrates were coated with PlL-PEG to prevent 
protein adhesion on the glass substrates, followed by a fibronectin functionalization of 
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the fibres. The effect on cell adhesion was evaluated after 24 hrs of culture. Vinculin 
staining revealed focal adhesion points on smooth and textured PMMA-TPETA as shown 
in Fig. 5.9a and 5.9b respectively. This demonstrates that cells formed real adhesion sites 
on both smooth and textured PMMA-TPETA fibres in Fig. 5.9a and Fig. 5.9b, respectively. 
However, there was a slight decrease in cell number and cell area on the textured fibres, 
compared with the smooth ones. Previously, the effect of surface topography in fibres 
has been studied using porous and rough fibres [12]. Moroni et al. [12] demonstrated 
that cell adhesion and proliferation increased when nanopores were formed on the 
surface of the fibres. However, in this study, micro-texture on the fibre surface seems 
to decrease cell adhesion and spreading to the fibre surface. This is similar to results 
obtained for protein fibronectin adhesion in the previous section. Thus, it is also not 
surprising that cell quantity is observed to be smaller on the textured surfaces, because 
fibronectin increases cell adhesion. This suggests that the PLL-PEG coating post fibre 
deposition is not the optimal method of preventing cell adhesion onto the glass slide. 
To fully quantify the effect of surface texturing of fibres by photoembossing, fibres 
should be spun on cell-repulsive surfaces (e.g. mica), which can withstand patterned 
exposure by a UV laser source. Furthermore, different pitch sizes have to be evaluated 
to fully characterise the effect of surface texturing by photoembossing.  
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Figure 5.9: Cell adhesion on (a) smooth and (b) textured PMMA-TPETA surfaces. The left 
images reveals vinculin staining along the fibre axis and the right image shows actin 
staining by phalloidin to reveal cell area. (c) Plot of cell area (left) and a cell number 
(right) on smooth and textured PMMA-TPETA. Total cell number was obtained from 
three 13mm coverslips.  
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5.3. Conclusions  
We have shown that reactive PMMA-TPETA blends can be electrospun and textured 
using photoembossing whilst maintaining a fibrous structure. Fibre diameter of the 
photopolymer blend was varied by changing the molecular weight of the PMMA binder 
in line with classical electrospinning of fibres. The pitch of the relief structures that could 
be achieved on the electrospun fibres was controlled by changing the distance or angle 
where the two beams interfere, which is given by the equation p = λ / n 2sinθ, and the 
height of these structures can be controlled by changing the UV dosage. Fibronectin 
deposition was higher on both smooth and textured PMMA-TPETA photopolymer, 
compared with smooth PMMA. Cells adhered readily to smooth and textured 
photopolymers after 24 hrs of culture, but not on the smooth PMMA. However, cell 
adhesion was unfortunately not improved on textured PMMA-TPETA fibres, compared 
with their smooth counterpart. In fact, the cell adhesion seemed slightly worse on 
textured fibres, and this was attributed to adhesion of PLL-PEG on the textured fibre 
surface, thus reducing fibronectin coating and cell adhesion.   
The next chapter will evaluate the use of biocompatible and biodegradable poly L 
lactide-co-glycolide as a polymer binder. This polymer has been used widely in the field 
of tissue engineering due to good cell adhesion on material surfaces. This chapter will 
also evaluate if photopolymers made from PLGA-TPETA blends are as biocompatible as 
PLGA films, and whether surface texturing further improves cell adhesion.  
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Chapter 6 
Photoembossing of semi-degradable 
biocompatible PLGA-TPETA films 
We have shown previously that PMMA-acrylate photopolymers are biocompatible, 
showing improved cell similar compared to PMMA. However, the photoembossed 
surfaces with groove texture showed no improvement in cell adhesion. This was 
attributed to the low cell adhesion to PMMA polymer binder. PLGA has been used widely 
in the study of soft tissue regeneration due to its high biocompatibility and cell adhesion. 
This polymer is also biodegradable and thus can be utilised in the field of vascular 
regeneration. In this study, PLGA is blended with a triacrylate monomer (TPETA). The 
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surface relief structure is formed on the PLGA-TPETA by photoembossing. An optimum 
height of 950 nm was achieved for 10 µm pitch and the height of these relief structures 
can be controlled by changing UV intensity, processing temperature and time. 
Degradation study of this blend revealed a bulk degradation mechanism and PLGA-
TPETA degraded slower compared to PLGA. We also evaluated the adhesion of human 
umbilical vein endothelial cells (HUVEC) on both smooth and textured PLGA-TPETA. The 
embossed PLGA-TPETA had a higher cell adhesion compared to the smooth substrates. 
Furthermore HUVECs proliferated faster on the embossed surface compared to their 
smooth counterparts.  
 
6.1. Materials and methods  
PLGA (75/25) and Trimethyllolpropane ethoxylate triacrylate (TPETA) was obtained from 
Sigma Aldrich. The photo-initiator 2-benzyl-2-(dimethylamino)-4’-
morpholinobutyrophenone  (Irgacure 369)  and  Propylene glycol monomethyl ether 
acetate (PGMEA) solvent was used as received from Sigma Aldrich.   
PLGA , TPETA and Irgacure 369 were dissolved in 60 wt.% PGMEA at a ratio of  1:1:0.1.  
This solution was coated on acrylate-functionalised glass slides using a wire-bar coater 
to obtain a film thickness of about 40 µm. The films were irradiated with UV via a contact 
photomask using different dosages ranging from 0-1000 mJ/cm2. The films were heated 
at 80 oC for 20 min followed by flood UV exposure at intensity of 15 J/cm2 to cure 
residual monomer. Another set of films was made to study the effect of temperature 
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ranging from 25 oC to 110 oC at 178.5 mJ/cm2 dosages and a developing time of 20 min. 
Finally the effect of processing time was evaluated from 1 min to 24 hrs using UV 
intensity of 178.5 mJ/cm2 processed at both room temperature (RT) and at 80 oC.   
The height of the relief structures were measured using NT-MDT® AFM in semi-contact 
mode to obtain relief profile and height.  
 
Cell culture  
HUVECs (Lonza Cologne AG, Germany) were grown in M199 medium (Gibco) at 37 ℃ 
and 5% CO2. The culture medium contains 10% foetal bovine serum (FBS), EC growth 
factor-β (1 ng/ml), EC growth supplement from bovine neural extract (3 μg/ml), 
thymidine (1.25 μg/ml), heparin (10 μg/ml), 100 U/ml penicillin, 100 mg/ml 
streptomycin (all supplements are from Sigma Aldrich). Cells with less than 7 passages 
were used in all reported experiments in vitro. The medium was changed every 2 days. 
Cells were seeded onto the substrates after confluence. The substrates were washed 2 
times with ethanol and rinsed 2 times with PBS before cell seeding. Cells were seeded 
on all the substrates with density of 1.5 × 104 cells/cm2 and cultured up to 7 days. 
 Degradation   
PLGA and PLGA-TPETA (non-embossed) and PLGA-TPETA-E (embossed) films with 
thickness of 60 µm were degraded in PBS at 37 oC. Every week, the pH of each sample 
type was measured. Every 2 weeks each sample type was removed from PBS medium 
and dried overnight in a vacuum chamber at room temperature (R.T.). The weight of 
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each dried sample was measured and FT-IR in transmission and DSC was also performed 
on each sample.   
 
6.2. Results and discussion   
Photoembossing   
So far photoembossing has solely been used to produce surface texture on acrylate 
based polymers and monomers. Here, for the first time, we have evaluated 
photoembossing on a polyester-acrylate system. PLGA is blended with an acrylate 
monomer TPETA. First a DSC scan is performed on film made from PLGA and TPETA 
blend to check its miscibility. The Tg of pure PLGA is 45 oC and after blending it at a 1:1 
ratio of TPETA, the DSC traces (Fig. 6.1a) show a single Tg at 28 oC indicating miscibility 
of the photopolymer blend. Previously, it has been shown that the optimum processing 
temperature for photoembossing poly benzyl methacrylate (PBMA) and poly methyl 
methacrylate (PMMA) was at least Tg + 60 oC. Therefore for our first set of experiments 
to study the effect of UV intensity on height of relief structures, the films were thermally 
developed at 80 oC for 20 min. Fig. 6.1b shows the effect of UV dosage on relief height. 
The optimum UV dosage for PLGA-TPETA was 88.4 mJ/cm2. This value was lower than 
the 145 mJ/cm2 obtained for PMMA-TPETA in Chapter 4. Kaczmarek and Kwiatkowska 
[1] demonstrated the effect of matrix Tg on acrylate conversion. They showed that 
acrylate conversion occurred at lower intensities in more plasticised matrices. The 
reason for this being that, macromolecules (monomer and photo-initiator) can move 
Photoembossing of semi-degradable biocompatible PLGA-TPETA films 
 
 
 
156 
 
more freely in the plasticised network. Thus lower dose is required for an optimum 
balance between diffusion and crosslinking/ polymerisation rate. Thus it is not surprising 
that PLGA photopolymer with a lower glass transition requires lower dose than PMMA 
photopolymer. Fig. 6.1c shows the effect of processing temperature on height of relief 
structures. Previously, the effect of processing temperature on photoembossing has 
been studied[2-5]. Similar to  studies for other photopolymer systems, the height of the 
relief structures increases as the temperature increases till an optimum condition after 
which it begins to decrease. However, unlike previous studies [2,5],  relief structures 
could also be formed at room temperature below the Tg of the blend (Fig. 6.1a). 
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Figure 6.1: DSC traces showing the glass transition of PLGA-TPETA blend (a), effect of UV 
intensity (b) and developing temperature (c) on photoembossed PLGA-TPETA (PLGA-
TPETA-E) photopolymer. 
Previously it has been suggested that diffusion of monomers during photoembossing 
does not occur at temperatures below Tg of the blend[2, 5]. However, in the current 
system there is a substantial increase in relief height of 300 nm at R.T. 1 min after 
patterned exposure. Various factors can cause the formation of the relief height at these 
low temperatures: 1) onset of glass transition at room temperature 2) heating of the 
blend above Tg during UV exposure and 3) diffusion at temperatures below Tg.  Glass 
transition of polymers occur at a range of temperature due to polydispersity of polymer 
matrices. Short chains are able to move at lower temperatures below the defined glass 
transition obtained from a DSC curve. Therefore it is possible that although the film 
appears to be glassy at room temperature, shorter chains (monomers and oligomers) 
chain can become flexible and mobile and thus making diffusion of monomers possible. 
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Furthermore it has been shown that diffusion of molecules through glassy polymers is 
known to be possible if there is enough free volume at its equilibrium state [6]. Diffusion 
is time dependent as well as temperature dependent and the diffusion rate of 
monomers is lower in the glassy state than at elevated temperatures as is shown in Fig. 
6.2. The optimum height is reached at 10 min at 80 oC and in 24hrs for those developed 
at R.T. For the films developed at 80 oC (Fig. 6.2b), the height of the relief structures 
increased till 10 min of heating and then decrease after.  Nevertheless, a similar 
optimum relief height of 950 nm is obtained for both samples developed at R.T. and 80 
oC at 24 hrs and 10 min, respectively. This shows that as expected diffusion of monomer 
through a polymer matrix occurs at faster rate with increasing temperatures. 
Furthermore, this optimum heating time is less for substrates developed at higher 
temperatures.      
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Figure 6.2: Effect of thermal processing time on relief height at room temperature (a) 
and at 80 oC (b).   
 
Degradation   
PLGA degrades by hydrolysis where ester bonds are cleaved to form lactic and glycolic 
acid [7]. In vitro degradation is generally studied in phosphate buffer saline, and 
characterised by pH, mass, and molecular weight loss. In this section we study the 
degradation of pure PLGA, smooth photopolymer blend (PLGA-TPETA) and embossed 
photopolymer blend (PLGA-TPETA-E).  Due to the presence of a crosslinked network in 
this system, molecular weight could not be evaluated.  
After one week of degradation, there is a clear drop in pH for all samples to about 6.8 
after which the pH remains constant till week 4. A sudden drop in pH is observed after 
week 4 and the drop is different for the different sample types. A similar trend is also 
observed in weight loss where only 10 wt.% is lost after the first 4 weeks for all sample 
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and therefore corresponding to similar pH. After 4 weeks, the mass loss profile became 
different for the different sample types.  
 In the first weeks of degradation, short chains already present in samples leaches out 
in solution medium causing slight drop in pH and mass. After this phase  longer oligomer 
chains  formed after degradation  are insoluble in the aqueous media and therefore 
become trapped in the bulk of the polymer film [7]. Thus no significant change either in 
pH or mass is observed.  As degradation progresses, shorter chains are formed and 
become soluble in the media. The acidic moieties formed increases the pH of the media 
and autocatalysis degradation increasing the rate of degradation[7, 8]. From the mass 
loss profile, the degradation is similar for PLGA and PLGA-TPETA and lower in the 
textured substrate PLGA-TPETA-E between 4-8 weeks. After 10 weeks of degradation, 
PLGA, PLGA-TPETA and PLGA-TPETA-E had lost 80 wt.%, 37 wt.% and 22 wt.% 
respectively of their original mass as shown in Fig. 6.3.  
PLGA-TPETA and PLGA-TPETA-E contain 50 wt.% of PLGA and thus assuming that only 
PLGA degrades, the maximum mass loss will be 50 wt.%. Therefore, at week 10 wt.%, an 
80 wt.% mass loss for PLGA will correspond to a 40 % loss for the photopolymer blends.  
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Figure 6.3: Change in pH (a) and residual mass (b) with degradation time in PBS. 
 
Previously, it has been shown that the addition of acrylate monomers to polyesters 
decreases the rate of degradation due to the presence of a highly cross-linked 
network[9]. This highly cross-linked network reduces mobility and prevents degraded 
chains from escaping. Therefore only very short chains can escape from the network to 
cause bulk degradation. Phong et al. showed that after cross-linking PLGA with 10 wt.% 
penta-acrylate the degradation rate and the uptake of water decreased significantly [9]. 
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From pH and mass loss results, indeed textured PLGA-TPETA-E films degraded at a 
slower rate compared to PLGA. However, the smooth PLGA-TPETA films appear to 
degrade at the same rate compared to PLGA. DSC thermograms after crosslinking 
showed an increase in Tg of PLGA-TPET-E from 45 oC to 50 oC whereas a decrease from 
45 oC to 35 oC was observed for the PLGA-TPETA system. This suggested incomplete 
conversion of TPETA monomer in smooth substrates compared to textured, acting as a 
plasticiser. The unconverted monomers may have leached out of the film during 
degradation causing a higher loss in mass. The C=O found in PLGA decreases with time. 
However, the same bonds are present in acrylate monomers and this bond decreases 
during cross-linking. At 100% conversion, this bond disappears completely. To evaluate 
the amount of C=O bonds at t = 0 in PLGA-TPETA blends, FT-IR was performed on 
samples at t = 0 and t = 8 weeks. All peaks were normalised using the 2937 cm-1 peak (C-
H stretching).  PLGA and PLGA-TPETA-E had a similar amount of C=O whereas PLGA-
TPETA showed a significant higher concentration of this bond at t = 0 (Fig. 6.4). This 
further illustrates the presence of residual acrylate monomer after curing PLGA-TPETA 
samples.  
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Figure 6.4: FT-IR peak of C=O at 0 weeks and 8 weeks after degradation for PLGA, PLGA-
TPETA and PLGA-TPETA-E (from left to right). 
 
PLGA-TPETA-E is exposed to UV and heated for a longer time due to pattern mask 
exposure and the thermal development step. This could have led to a better end 
conversion of PLGA-TPETA-E. To avoid the presence of residual monomer in cell culture 
which can be toxic, non-textured PLGA-TPETA was exposed to the same total UV 
intensity and heating time as PLGA-TPETA-E.  
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Figure 6.5: SEM images showing surface topography 10 weeks after degradation for 
PLGA, PLGA-TPETA and PLGA-TPETA-E (top to bottom) with low (left) and high (right) 
magnifications.  
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Samples were analysed under SEM after 10 weeks to characterise the morphology of 
the degraded samples. These images show that all samples degraded by bulk erosion 
and holes were formed throughout the bulk of the film. The surface texture of PLGA-
TPETA-E was still evident as seen in Fig. 6.5.  
 
Cell culture   
Adhesion and complete endothelial cover on the surface is essential to prevent 
thrombosis on surfaces of cardio-vascular scaffolds or implants. To evaluate cell 
adhesion and proliferation on our substrates cell density on the surface was evaluated 
using a glass slide as a positive control. All experiments were performed in triplicate 
twice. After 24 hrs of culture, cells adhered on all substrates as shown in Fig. 6.6. Dapi 
staining and SEM images revealed that cells were homogenously spread on the 
substrate surface. Furthermore, long lamellopodia extension of the cell membrane 
meant that the cells also migrated on the surface of the film [10]. The lamellopodia of 
PLGA-TPETA-E was extended along the texture direction and thus cell migration was also 
mainly along this axis shown in Fig. 6.6c.  
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Figure 6.6: SEM image (left) and Dapi staining (right) of cell adhesion on PLGA (a), PLGA-
TPETA (b) and PLGA-TPETA-E (c) after 24 hrs of culture. 
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The number of adhered cells over 7 days culturing period are shown in Fig. 6.7. After 24 
hrs cell adhered to all substrates at similar densities.  After 48 hrs the effect of texturing 
was evident as PLGA-TPETA-E showed a significantly higher (p<0.05) cell number 
compared to PLGA-TPETA. Faster proliferation was even more evident on 
photoembossed surface by 5 days where the PMMA-TPETA-E had already reached 
confluence faster than for PLGA and PLGA-TPETA. Our findings showed that cell 
adhesion and proliferation were improved on the textured surface compared to its non-
embossed counterpart. This seems to be in agreement with previous research which 
showed that microgrooves on surfaces affects endothelial cell alignment, migration and 
proliferation rate[11-15]. Although, the science behind this effect is not fully 
understood, most researchers agree that an increase in focal adhesion sites promotes 
cell adhesion.  
Jing et al. observed that HUVEC adhesion and proliferation was increased on 
microgroove textured surfaces with a pitch of 25 µm, 50 µm and 100 µm compared to 
its smooth counterparts. Lu et al. [16] evaluated the effect of texturing titanium stents 
on rat endothelial cell adhesion. Their study was to promote restoration of the 
endothelium over the stent which will enable its isolation from circulating blood, and 
therefore reduce the potential for restenosis and thrombosis. They studied endothelial 
cell number on different pitches of microgrooves ranging from 750 nm to 100 µm. Their 
results showed that depending on pitch size, texturing can increase or decrease cell 
number on stent surface. Cells adhered faster on the 750 nm and 20 µm after 4 hrs and 
cell proliferation was best on the sub-micron features after 24 hrs.  Photoembossing can 
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be adapted in stent texturing where surfaces of stents can be coated with these 
photopolymer to promote endothelialisation. Furthermore, partial degradation of films 
will promote cell and tissue infiltration, which in turn could promote better adhesion 
between endothelium and stent.   
 
Figure 6.7:  Adhesion on the different substrates after 1, 2, 3, 5 and 7 days analysed by 
MTS assay.  
 
Furthermore, it is important that cell form strong adhesion on the surface of the 
scaffold/ stent to prevent delamination during blood flow in the body. Fig. 6.8 reveals 
focal adhesion sites formed by HUVEC on textured PLGA-TPETA-E.  
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Figure 6.8:  SEM image of PLGA-TPETA-E revealing focal adhesion on film surface. 
 
6.3. Conclusions  
A PLGA and TPETA blend was processed into films without phase separation. These films 
can be photoembossed to generate relief structures with height of the relief structure 
controlled by UV dosage, processing temperature and time. The maximum relief height 
is reached at shorter times at higher processing temperature.  Degradation of this 
photopolymer progresses via bulk degradation with holes/pits forming in the films as 
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time progressed. Results also revealed a decrease in degradation rate of the 
photopolymer blend compared to the pure PLGA polymer. Furthermore the drop in pH 
was lower for the photopolymer and this could be beneficial for tissue engineering 
applications where sudden changes in pH around scaffold regions can lead to cell 
apoptosis.   
In vitro cell culture showed good biocompatibility for both smooth PLGA-TPETA and 
textured PLGA-TPETA-E. Furthermore, surface texturing by photoembossing improved 
cell adhesion and proliferation rate compared to their smooth counterparts. Focal 
adhesion sites were observed on PLGA-TPETA-E films, indicating good adhesion on the 
film substrate. Furthermore, it was observed that cells migrated mainly along the 
grooves on film surface through the formation of lamellopodia along the direction of the 
grooves.   
Although the PLGA-TPETA appear to be biocompatible, complete degradable polymers 
are sometimes required for tissue engineering application to allow complete takeover 
by natural regenerated tissue. In the next chapter, fully degradable photopolymer 
blends are created and photoembossed to produce surface texture.  
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Chapter 7 
Photoembossing of degradable thiol-
acrylate networks 
Non-degradable and semi-degradable photopolymer blends have been developed and 
photoembossed in previous chapters. These blends have been shown to be 
biocompatible by adhesion and proliferation of endothelial cells on their surfaces. 
However, in some application of tissue engineering and drug delivery complete 
degradation of the biomaterial is needed for total tissue take over or drug release 
respectively. In this chapter, a photopolymer blend is made by blending PLGA with a 
PEG-diacrylate and a thiol to create a fully degradable photopolymer blend that can be 
photoembossed. Photoembossing shows that different UV intensities and processing 
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temperatures can be used to tune relief heights. Surface texturing was achieved on both 
flat films and electrospun photopolymer blends. Accelerated degradation results 
showed complete degradation of the photopolymer blends, with its degradation being 
much faster than for pure PLGA polymer. This was attributed to the high hydrophilicity 
of the degradable cross-linked network which further enhanced hydrolysis of ester 
bonds in PLGA. Cell culture after 72 hrs showed cell adhesion on the photopolymer 
surface indicating biocompatibility. 
 
7.1. Materials and methods 
PEG diacrylate (PEG-Da) with a molecular weight of 258 g/mol, and dithiothreitol(DTT) 
were used as received from Sigma Aldrich. PLGA (72:25), phosphate buffer saline (PBS), 
photo-initiator 2-benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone (Irgacure 
369) and ethyl acetate were used as received from Sigma Aldrich. 
 
Photoembossing 
20 wt.% PEG-Da was dissolved in ethyl acetate. DTT was added to the solution at a mole 
ratio of 0.8:1 of PEG-diacrylate. The solution was allowed to stir for 20 min. PLGA and 
Irgacure 369 were added to this solution in a ratio of 1:0.1 of PEG-diacrylate. The 
solution was again allowed to stir till complete dissolution. This solution was coated on 
a 12 mm acrylate functionalise cover slips by wire bar coating. 70 µl of solution was 
pipetted on each cover slip and a wire-bar was used to coat the solution onto the glass 
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surface. The films were placed in a convection oven at 80 oC and allowed to dry for 20 
min. A photomask with a pitch of 20 µm was placed in contact with the films. These films 
were photoembossed using UV intensity ranging from 0-300 mJ/cm2 at R.T. and in 
ambient air. This was followed by a thermal development step at 80 oC in ambient air. 
Flood UV exposure of 15 J/cm2 was used to cure the residual monomer. Another set of 
experiments to obtain an optimum developing temperature was performed by 
patterned exposure at 106 J/cm2. Here the thermal development step was performed 
at different temperatures from 40 oC to 120 oC.  
The solution was electrospun using a voltage of 18 kV and a spinning distance of 18 cm 
at a flow rate of 0.8 ml/hr. The fibres obtained were photoembossed by inference of 
two coherent UV beams to create patterned exposure (set-up used in Chapter 5). The 
intensity used for the patterned exposure was 80 mJ/cm2 followed by a heating step at 
120 oC for 20 min. The fibres were then exposed to a flood UV exposure at elevated 
temperature to cure the residual monomers.  
The relief structures on the films were measured by semi-contact mode atomic force 
microscopy (AFM, NT-MDT). Optical microscopy is used to reveal surface texture on 
films and fluorescent microscopy was used to reveal surface texture on fibres.  
   
Degradation 
0.5 ml of solution was pipetted in stainless steel moulds coated with Teflon spray to 
produce discs with 10 mm diameter. The mould was dried in a convection oven at 80 oC 
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for 24 hrs. Each disc was irradiated to UV on both sides and heated at 80 oC for 30 min. 
Discs with thickness of around 5 mm were obtained after drying and crosslinking. 
Accelerated hydrolysis was performed in 1 M of NaOH in deionised water at R.T. A disc 
was removed every 4-8 hrs and washed with deionised water. The sample was then 
dried in vacuum at R.T. and weighed to obtain the mass loss.  
 
Cell culture 
HUVECs (Lonza Cologne AG, Germany) were grown in M199 medium (Gibco) at 37 ℃ 
and 5% CO2. The culture medium contains 10% foetal bovine serum (FBS), EC growth 
factor-β (1 ng/ml), EC growth supplement from bovine neural extract (3 μg/ml), 
thymidine (1.25 μg/ml), heparin (10 μg/ml), 100 U/ml penicillin, 100 mg/ml 
streptomycin (all supplements are from Sigma Aldrich). Cells with less than 7 passages 
were used in all reported experiments in vitro. The medium was changed every 2 days. 
The substrates were washed 2 times with ethanol and rinsed 2 times with PBS before 
cell seeding. Cells were seeded on all the substrate with the density at 1.5×104 cells/cm2 
and cultured up to 7 days. Cell density was analysed by MTS assay. The cells were 
washed 2x with serum-free media. 250 µl of serum free media was added to each well 
and 50 µl of CellTiter 96® Aqueous One Solution Reagent from Promega was used and 
incubated for 3 hrs. After 3 hrs, 100 µl of the solution is pipetted into 96 well plates and 
the absorbance at 490 nm is recorded using Fluo Star Galaxy reader.  
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7.2.  Results and discussion 
Photoembossing of PLGA blended with 1:0.8 mole ratio of PEG diacrylate and DTT was 
photoembossed at different UV intensity and temperature shown in Fig. 7.1. Similar to 
classical photoembossing where only acrylate monomers are used, a change in UV 
dosage and developing temperature resulted in different relief height. Generally, an 
optimum UV intensity and temperature is reached for a particular photopolymer blend. 
Fig. 7.1a shows an optimum UV dosage at 106 J/cm2. In Fig. 7.1b  an increase in 
processing temperature correlated to an increase in relief height. No optimum 
temperature was seen as the relief height increased till 120 oC.  
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(a) 
 
(b) 
 
Figure 7.1: Photoembossing of PLGA-PEGDa-DTT using different UV intensity (a) and 
processing temperature (b).  
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AFM topography and phase contrast shown in Fig. 7.2 revealed two different contrast in 
the ridge and groove. The groove shows a dark topographic contrast whiles the phase 
contrast appears bright and vice versa was observed at the peaks. A bright phase 
contrast infers a stiffer matrix compared to the surrounding. The groove, which is where 
the monomers diffuse from contains a higher amount of PLGA, whereas the peaks 
contained more of the cross-linked network. This sugests that the cross-linked acrylate-
thiol network had a more plasticising effect on the crosslinked photopolymer system.   
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Figure 7.2: AFM image of photoembossed PLGA-PEGDa-DTT substrates, showing 
topography (a) and phase contrast (b). 
 
Furthermore, phase seperation is observed for both non-textured and photoembossed 
films as shown in Fig. 7.3a and Fig. 7.3b respectiveky  after crosslinking.  This means that 
the crosslinked thiol-acrylate network is not miscible in the PLGA polymer binder. 
(a) 
(b) 
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However, the phases were homogenously dispersed and no regions of large aggregates 
were observed.  Furthermore, an accurate reproduction of pitch size of the mask is 
achieved on the photoembossed substrate as shown in Fig, 7.3b.  
 
 
Figure 7.3: Optical microscope image of PLGA-PEGDa-DTT non-textured film (a) and 
embossed film(b) after cross-linking scale bar is 100 µm.  
 
To demonstrate that this phase separated system can be electrospun and 
photoembossed, the solution was electrospun on a glass slide and photoembossed using 
(a) 
(b) 
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the pulse laser holographic set-up shown in Chapter 5. Although the solution was not 
fully optimised for spinning fibres with homogenous diameter and distribution, the 
surface of the fibres after photoembossing revealed texture with a pitch of 2 µm as 
shown in Fig. 7.4.  
 
 
 
Figure 7.4: Photoembossed electrospun PLGA-PEGDa-DTT electrospun fibres. 
Thus photoembossing can create surface texture using acrylate and thiol monomers on 
both films and fibres. Furthermore, texturing can be achieved on phase separated 
systems whose domain sizes are smaller than the pitch of the relief structures. Also, 
diffusion of monomers from non-irradiated region to exposed areas causes a difference 
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in mechanical properties between groove and ridges of the texture. This is evident in 
the phase contrast AFM in Fig. 7.2. 
Results for accelerated hydrolysis degradation performed in 1 M NaOH at room 
temperature is shown in Fig. 7.5. The results indicate that photopolymer degrades faster 
compared to pure PLGA samples. After 48 hrs of degradation, the PLGA-PEGDa-DTT had 
lost 95 wt.% whereas PLGA had only lost  45 wt.%.  Degradation results show that both 
PLGA and PLGA-PEGDa-DTT reduce in weight by hydrolysis. Faster degradation of the 
photopolymer blend can be attributed to high hydrophilicity of the cross-linked PEGDa-
DTT network [1-3]. Even the PLGA binder in the network (50 wt.%) seems to degrade 
very fast compared to the pure PLGA discs.  Previously, it has been shown that the 
degradation rate of acrylate-thiol networks can be controlled by changing the ratio 
between the acrylate and thiol mole ratio and the molecular weight of the acrylate [4]. 
Increasing the mole ratio of acrylate in the photopolymer blend decreases the rate of 
degradation whereas an increase in molecular weight of the acrylate increases 
degradation rate. This is because longer chains of acrylate networks are formed by 
homo-polymerisation resulting in less ester regions formed [4, 5]. The use of 
hydrophobic acrylates can also decrease the degradation rate significantly, for example 
the triacrylate TPETA used in Chapter 6. Using this photo-crosslinkable acrylate network 
helps tune degradation time to suit the application intended for the scaffolds. 
Furthermore, complex surface texture can be achieved using the photoembossing 
technique. 
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Figure 7. 5: Mass loss profile of pure PLGA (blue) and PLGA-PEGDa-DTT (red) discs in 1 M 
NaOH with time.  
 
Cell adhesion on substrates was evaluated without pre-adsorbed proteins after 24, 48 
and 72 hrs cell of culture. The photopolymer blends did not show significant differences 
between embossed and smooth substrates for endothelial cells. These results also show 
a reduced number of cells compared to the cover slips and PLGA polymer.  
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Figure 7.6: MTS results for endothelial cell adhesion on smooth and textured 
photopolymer blend (a) with PLGA as a control and SEM image (b) of endothelial cell 
adhesion on surface 24 hrs after culture. 
 
HUVECs adhered on these substrates after 24 hrs showing biocompatibility of the 
photopolymer blend. However, no significant difference was observed between smooth 
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and textured photopolymer blend after 3 days of culture. Further quantification on cell 
proliferation with time and matrix synthesis is needed to fully characterise the 
photopolymer blend (This is beyond the scope of this thesis). Nevertheless, 
photoembossing provides a tool for surface texturing on films and fibres for applications 
in biomedical engineering. In Chapter 6, photoembossed PLGA-TPETA films served as a 
substrate for endothelial cell culture and cell adhesion and proliferation was increased 
on photoembossed substrates compared to smooth surfaces. However, degradation 
only occurred in the PLGA regions leaving behind a cross-linked acrylate network. In this 
study, a degradable photoembossed substrate is produced by forming liable ester bonds 
generated by reaction of an acrylate and a thiol. Excess mole ratio of acrylate is used to 
allow crosslinking using a UV radiation and hence the photoembossing procedure.  
 
7.2.  Conclusions 
In previous studies photoembossing has only been perform on blends containing 
acrylate monomers and a miscible polymer binder. Depending on the polymer binder 
used, these blends, after crosslinking can be non-degradable (PMMA) or partially 
degradable (PLGA). Here, for the first time we have shown that fully degradable PLGA-
acrylate-thiol blends can be photoembossed to create surface relief structures. Similar 
to classical photoembossing the height of the relief structures formed can be controlled 
by UV intensity and temperature. Surface texture could be achieved on both films and 
electrospun fibres even with the phase separated substrates. Both polymer binder and 
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cured acrylate-thiol network undergo degradation by hydrolysis to allow complete 
degradation of the photopolymer. Cell cultured on non-textured and embossed 
photopolymer blend show endothelial cell adhesion after 24 hrs with a doubling in cell 
number after 72 hrs.   
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Chapter 8 
Conclusions & Future work 
In this thesis, photoembossing technique has been used to create surface relief 
structures on both films and fibres for biomedical applications. For the first time, this 
technique has been used to texture surfaces of electrospun fibres with reproducible 
patterns. To adapt photoembossing for the biomedical field, the polymer binder as well 
as the cross-linked monomer network have to be biocompatible, and thus should not 
cause cell apoptosis or elicit an immune response. In this study, two polymer binders 
are investigated for the creation of such systems: poly(methyl methacrylate) (PMMA) 
and poly(lactic-co-glycolic acid) (PLGA).  
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PMMA has been used widely as bone cement in orthopaedic surgery and has been 
shown to be biocompatible. PMMA blended with acrylate monomer was processed into 
films and fibres and was photoembossed to obtain surface texture on the electrospun 
fibres. Endothelial cell adhesion was investigated here, and it was shown that cells 
adhere faster onto the photopolymer blend, compared with pure PMMA without pre-
coating the surface with proteins. However, there was no significant difference between 
the smooth photopolymer and the embossed surface. This was attributed to the PMMA 
binder not being suitable for endothelial cell adhesion. Thus, in a subsequent study, this 
polymer binder was changed to PLGA, which has been widely utilised in studies for 
vascular regeneration. Photoembossed PLGA-photopolymers with a pitch of 20 µm and 
height of 2 µm showed superior cell adhesion and proliferation compared with smooth 
photopolymer and pure PLGA films. Degradation studies of these PLGA-TPETA 
photopolymers showed erosion of the PLGA binder, leaving behind a cross-linked 
acrylate network. Furthermore, the presence of the acrylate network slowed down the 
rate of degradation of the PLGA polymer binder. Degradation of polyesters results in 
formation of acidic products. It is important that the change in pH in the tissue vicinity 
as a result of polymer degradation should not cause cell death and thus, a minimal 
decrease in pH during degradation is preferred. Here, the degradation study showed 
that PLGA-TPETA showed less pH drop compared with pure PLGA. The superior cell 
adhesion and proliferation, as well as better degradation rate, means that this 
photopolymer system can be utilised for implant coatings to promote adhesion between 
implant and surrounding tissue. It can also be used in stent fabrication, especially for 
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older patients in which full degradation of implant is not needed. The cross-linked 
network can serve as a mechanical support, while at the same time allowing tissue in-
growth during degradation of the PLGA binder. However, for some applications it is 
essential to have a fully bioresorbable system that can be photoembossed to allow 
complete tissue takeover. Thiol-ene chemistry is adopted here, and two monomers are 
utilised by reacting a thiol in excess of acrylate. Here, the crosslinks themselves are not 
degradable, but dithiol “bridges” are, which are hydrolytically labile. The hydrolytic 
lability of DTT bridges is due to the presence of a thioether bond proximal to the acrylate 
ester bond. Specifically, the presence of this proximal thioether group establishes a 
more positive atomic charge on the carbonyl carbon of the ester, thereby enhancing 
ester hydrolysis. Mixed-mode polymerisation of the acrylate network allows radical 
mediated UV polymerisation, thus making it possible to photoemboss these blends. 
Photoembossing of such systems revealed classical photoembossing trends, where 
height could be controlled by UV intensity and developing temperature. Furthermore, 
these mixtures could be electrospun and photoembossed to generate fibres with 
surface texture. Further tuning of spinning conditions with good fibre morphology is 
needed. Also, the choice of acrylate monomer was based on a hydrophilic species that 
will promote faster degradation. However, for slower degradation rates, more 
hydrophobic and biocompatible acrylate such as TPETA can be used. Further studies to 
fully characterise this type of blend in terms of long term biocompatibility and 
processing is currently being investigated in a follow-up thesis.   
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Furthermore, the photoembossing technique has been shown to be suitable for 
texturing surfaces of electrospun fibres. The technique can be used to mimic surface 
topography of collagen fibres to study cell response to these textures.  The pitch of the 
structure should be on the order of 100 nm, and different fibre diameters in the same 
order will have to be investigated to mimic this collagen topography.
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